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This dissertation is the result of four years research in the field of 
photoluminescence in plasmonic nanoparticles (NPs). Coupled plasmonic 
nanoparticles were found to show greatly enhanced two-photon 
photoluminescence due to strong local field enhancement by plasmon coupling. 
In this thesis, this phenomenon was systematically studied both in the 
fundamentals and their potential applications. 
Firstly the interactions between noble metal nanoparticles and conjugated 
polymers were investigated. The positively charged polymers induced the 
coupling of Ag and Au NPs. The NPs effectively quenched the fluorescence of 
the polymers. Meanwhile, the two-photon photoluminescence of the NP 
themselves was dramatically enhanced by the plasmon coupling with an 
enhancement factor of 46 folds. Then TPPL in coupled Au nanocubes (NCs) 
induced by cysteine was studied. The coupling selectively enhanced the TPPL 
from X band transition with an enhancement of 60 folds due to the selectively 
enhanced emission quantum yield while the L band emission remains nearly 
unchanged. The band selective enhancement was thus demonstrated as a novel 
sensing method for cysteine detection. In chapter 4, we systematically studied 
the coupling enhanced TPPL in the single particle level. The TPPL intensity 
significantly increases from Au nanosphere monomer to trimer. A highest 
enhancement of 1.2 × 105 folds was obtained for the linear trimer. The TPPL 
spectra closely resemble their corresponding scattering spectra with a cos4 
dependence on the excitation polarization to the coupling axis, suggesting the 
strong coupling of two-photon excitation to the longitudinal SPR of coupled 
NPs. In chapter 5, we discovered strong two-photon white light continuum in 
the thermally annealed metal ink film made of 5nm oleylamine capped Au NPs. 
Owing to dramatically enhanced excitation efficiency and emission quantum 
yield induced by the plasmon coupling, a 3350-fold TPWLC was obtained in 
the annealed film. The annealing could also be achieved by the photothermal 
effect of high power lasers, allowing us to sinter nanoscale structures in 
microscope. The recorded information could then be read out by the two-photon 
raster scanning. In addition, the nanoscale circuit is highly conductive, showing 
IX 
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1 
Chapter 1. Introduction of Noble Metal Nanoparticles 
Noble metal nanoparticles (NPs), such as Au, Ag and Cu, have received great 
research interests due to their unique optical properties known as surface 
plasmon resonance (SPR). The SPR arises as the collective oscillation of the 
free electrons of the nanoparticles perturbed by the electrical field of the 
incident light. Due to the plasmon resonance, metal NPs show strong light 
absorption and scattering and greatly amplified local electric field. The field 
enhancement resulted in dramatically enhanced linear and nonlinear optical 
properties of nearby materials or the NPs themselves, making the metal NPs 
attractive in both the fundamental studies and technological applications. In the 
present chapter, we explore the physics of localized surface plasmons by first 
considering the interaction of metal NPs with an electromagnetic wave in order 
to achieve the resonance condition, followed by the fundamentals of its 
properties on the local electric field enhancement, light scattering and 
absorption. Subsequently, the plasmon coupling together with its “hot spot” 
effect in closely spaced metal nano structures are discussed. In the subsection 3 
and 4, both the photoluminescence and two-photon excited photoluminescence 
in plasmonic nanoparticles will be introduced, respectively. Next, we will 
present the two-photon photoluminescence enhancement induced by plasmon 
coupling as well as the research status and application potentials of the area. 
The last part will be a brief description of the experimental techniques and 
instrumentations used in this dissertation. 
1.1 Surface Plasmon Resonance 
The noble metal nanoparticles have been an object of fascination since 
ancient times. The Lycurgus cup and colorful stained glass windows of 
cathedrals are outstanding pieces of art that are most commonly associated with 
the light absorption and scattering of noble metal nanostructures. While the 
optical properties have been utilized for centuries, scientific understanding of 
these properties was not revealed until Michael Faraday’s work.1 When a small 
nanoparticle is irradiated by light with a particle size much smaller compared to 
the light wavelength, it experiences a nearly space-independent external field 
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effect. Under the impact of the incident light, the electromagnetic wave induces 
dipole moment, P, within the nanoparticle: 
P=mE0,                            (1.1) 
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The electric field inside and outside the nanoparticles can then be written as,2  
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,                   (1.4) 
here, εnp and εm represent dielectric function of nanoparticles and surrounding 
medium, respectively. r is the distance from the external location to the particle 
center. Therefore, the internal field will exhibit a resonance whenever, 
                         mnp  2 =minimum.                        
The ambient medium typically has real positive dielectric permittivity. If the 
particles possess a frequency-dependent complex function, 
np(np’(inp’’(
 
Then the resonance condition becomes, 
                   [np’(m]2+[np’’(minimum.                (1.7) 
 
Figure 1.1 (a) Real and (b) imaginary parts of the dielectric functions of bulk 
silver and gold. 
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Based on the measurement by Johnson and Christy3, the dielectric 
permittivity of bulk Ag and Au have large negative real part in the red to NIR 
spectral range, while the imaginary part is relatively small in visible range. The 
unique dielectric function allows the free electrons of Au and Ag NPs to 
resonant in the visible and NIR region. When the electron cloud is displaced 
relative to the nuclei, a restoring force arises from Coulomb attraction between 
electrons and nuclei that results in oscillation of the electron cloud relative to 
the nuclear framework, as shown in Figure. 1.2a. 
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Figure. 1.2 (a) Illustration of the localized surface plasmon resonance effect; 
(b) The corresponding electric field strength pattern for a 100 nm silver sphere, 
irradiated at a wavelength of 514 nm.4 
 
Under plasmon resonance, the nearby electric field can be greatly 
enhanced due to the oscillating dipoles induced by the displaced electrons and 
nuclei. Figure 1.2b shows the electric field contours of a 100 nm spherical 
silver nanoparticle. The electric field adjacent to particle surface was 
significantly enhanced. The field intensity is uniformly distributed inside the 
particles. However because of the quantum confinement of the free electrons, 
the SPR are strongly localized, the field enhancement effect therefore shows 
fast decay with r-3 in the ambient medium, as also indicated by Eq. (1.4). This 






Figure 1.3 Calculated spectra of the efficiency of absorption Qabs (red dashed), 
scattering Qsca (black dotted), and extinction Qext (green solid) for gold 
nanospheres (a) D=20 nm, (b) D=40 nm, (c) D=80 nm, and polystyrene 
nanospheres (d) D=300 nm. 
 
Besides the local field enhancement, the plasmonic NPs also show strong 
light absorption and scattering. Under light illumination, small particles are able 
to absorb and scatter the incident photons. Figure 1.3 shows the light extinction 
of Au NPs with different sizes, reproduced from the DDA simulation by Jain et 
al..5 For a small nanoparticle, the light extinction was mainly dominated by its 
absorption. With increasing the particle size, more scattering component is 
expected in the extinction spectra, suggesting that the scattering possesses 
higher order size dependence compared to absorption. The absorption and 
scattering cross-sections (not necessarily metallic ones) can be calculated by 
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 in which R is the particle radius. We can find that the particles will show the 
maximal light scattering and absorption whenever mnp  2 =minimum. Due 
to the unique dielectric properties of noble metal nanoparticles, this resonance 
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condition can always be satisfied in the visible and NIR spectral range, showing 
the same spectral response with the near field enhancement. That’s to say, the 
surface plasmon resonance is capable of enhancing the light absorption and 
scattering of the metal nanoparticles in the far field concomitant with the strong 
near-field electric field enhancement.7 This allows us to predict the optimal near 
field enhancement in the nanostructures at desired wavelength by measuring 
their UV-vis extinction or the dark field scattering spectra. 
1.2 Surface Plasmon Resonance in Coupled Structure 
   An even more appealing optical property of noble metal nanoparticles could 
be observed in their aggregates. When two particles are placed at a separation 
distance smaller than their size, the surface plasmon on each particle strongly 
couple to each other with collective plasmon oscillation.  
   This plasmon coupling could be directly observed by the obvious color 
change of nanoparticle colloid solution upon adding the coupling agents. Many 
researchers have applied this coupling induced color change as a fast and 
naked-eye visible sensor.8-10 In this sensing scenario, the NPs are surface 
modified by the conjugation with specific recognition ligand which can induce 
coupling only in presence of the target analyte. Various molecules can be 
detected based on this colorimetric sensing, such as DNA, protein, amino acids, 
heavy metal ions, and so on.11-14 
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Figure 1.4 (A) UV-vis extinction spectra of 20-nm Au NSs aggregates induced 
by oligonucleotide (inset shows the color before and after aggregation). (B) 
Plasmon hybridization in nanoparticle dimers. 
     
Figure 1.4A shows the typical peak redshift in the UV-vis extinction spectra of 
the NP aggregates, as also evidenced by the color change in the inset image.15 
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This SPR peak shift in the coupled plasmonic NPs can be explained by the 
plasmon hybridization theory, analogous to the molecular hybridization 
model.16 For the case of two directly adjacent nanoparticles illuminated by light 
polarized along the interparticle axis, the mutual coupling between the 
plasmons of each individual nanoparticle is well described by the hybridization 
picture, as shown in Figure 1.4B. The dipolar (l=1) plasmon mode of coupled 
Au NP dimer splits into two distinct collective modes, known as the low-energy 
“bonding” mode and the higher-energy “antibonding” mode. The two modes 
differ in their coupling to incident light: the bonding mode has mutually aligned 
longitudinal dipoles, resulting in larger induced transition dipole moment and 
strong coupling to the far field, known as bright mode. While the dipoles on the 
individual nanoparticles with antibonding coupling mode are antialigned, 
resulting in no net dipole moment and the inability of this mode to couple to the 
far field, therefore it is also called dark mode.  
A B
Figure 1.5 Extinction spectra of (a) head-to-tail (b) side-by-side coupled Au 
Nanorod dimers at different separation distance. 
 
A more impressive example of the plasmonic hybridization could be found 
in the coupling of Au nanorod dimers.17 As shown in Figure 1.5, the 
head-to-tail dimer showed redshifted SPR compared to the monomer and more 
redshift could be obtained with reducing the gap. On the contrary, the SPR of 
side-by-side coupled rod dimer blueshifted with decreasing the separation 





Figure 1.6 (A) DDA-simulated extinction efficiency spectra of 10 nm diameter 
Au nanosphere pair in water for varying interparticle separation gap for incident 
light polarization direction parallel to the interparticle axis. (B) Plot of 
fractional plasmon shift in Au nanosphere pair as a function of the gap/diameter 
ratio. 
 
The coupled SPR mode shows sensitive dependency to interparticle 
separation of the NP aggregates. Figure 1.6 reproduced the simulation results 
of coupled Au NS dimers with different separation distance published by 
Al-Sayed group.18 The extinction of the 10nm Au nanosphere dimer 
significantly shifted to longer wavelength with decreasing the gap size. The 
fractional plasmon wavelength shift for polarization along the interparticle axis 
decays nearly exponentially with the interparticle gap. The decay could be fitted 
by the following equation:  
              (1.10), 
where △0 is the fractional plasmon shift, s is the interparticle edge-to-edge 
separation, and D is the particle diameter. This can serve as a plasmonic ruler 
equation to estimate the interparticle separation.  
 
Figure 1.7 Normalized dark field scattering spectra of linear coupled Au NS 
nanochain. 
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In addition to the gap size and assembling orientation, the coupling can 
also be tuned by the numbers of particles in the assembly. In their recent work, 
Mulvaney et al. reported the SPR evolution in coupled Au NP nanochains.19 As 
the linear nanoparticle chain length increases from one to six particles, the SPR 
peak red shifts significantly. The observed red shift progressively decreases 
with chain length and begins to plateau. The results are consistent with the 





Figure 1.8 Finite-difference time-domain (FDTD) calculation of local electric 
field enhancement in (a) Au nano bowtie and (b) the middle of the junction of 
Au NS dimer with different separation distance. 
 
Besides the SPR redshift in the far field, the coupled plasmonic 
nanoparticles also exhibit greatly enhanced local electric field confined within 
the gap region. This is because of the high charge densities induced at the 
opposite sides of the junction at plasmon resonance, especially for the structures 
with sharp tip to tip coupling orientation.22 The huge field enhancement can 
serve as a nano lens squeezing and amplifying the incident light into a small 
spot within the gap. It is therefore also nick named as “hot spot”.23 The FDTD 
simulation reveals an up to 3 orders of magnitude enhancement of the local 
electrical field within the gap of Au nano-bowtie structure, as shown in Figure 
1.8a.24 Similar to the far field extinction, the local field enhancement also 
sensitively depends on the interparticle separation (Figure 1.8b). The electric 
field intensity in the middle of junction for an Au nanosphere dimer 
significantly increases by decreasing the separation distance until maximizing 
at 0.5 nm. Further reducing the gap size, a gradually decreasing enhancement 
factor was obtained, owing to electron tunneling between two adjacent NPs, 
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which quenches the local charge densities. In order to attain the highest 
enhancement factors, it’s thus crucial to couple the NPs with controllable 
separation distance.  
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Figure 1.9 (A) Fluorescence enhancement of single dye molecules nearby the 
Au nano bowtie; (B) scattering (upper) and fluorescence spectra (lower) of 
nanoparticle dimer resonators with different gap sizes incorporated with Cy3 
dye molecules. 
 
The local field enhancement has been widely utilized to amplify various 
linear and nonlinear optical properties, having appealing application potentials 
in the bio-sensing, bio-imaging and optoelectronic devices. W.E. Moerner et al. 
reported 1340-fold amplification of fluorescence from the organic dyes 
adjacent to the Au Nano bowtie (Figure 1.9a).24 They ascribed the 
amplification to the enhancement of both excitation efficiency and emission 
quantum yield. While the excitation enhancement is easily understandable, the 
enhancement of emission quantum yield was widely ascribed to arise from 
“Purcell effect” by enhancing the transition dipole moment of the radiation 
process in resonance with the plasmonic antenna.25 An electromagnetic 
resonator strongly modifies spontaneous emission of fluorescence in its spatial 
and spectral affinity. The change in the transition dipole moment causes an 
enhancement or suppression of the overall emission rate. As a consequence, 
resonant transitions are enhanced and nonresonant transitions are suppressed.26 
This Purcell effect of plasmonic resonators has been applied to reshape the 
emission spectra.27,28 Figure 1.9b displayed the modulated emission of Cy3 
nearby coupled Au NS dimers.29 The emission in the spectral proximity with 
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the plasmon resonance was selectively amplified. The spectral shape could 
then be modified by tuning the SPR wavelength of the coupled resonators.  
The Nonlinear optical effects such as Raman scattering, second harmonic 
generation (SHG) and two-photon photoluminescence (TPPL) are believed to 
be more sensitive to the field enhancement owing to their nonlinear dependency 
to the local electric field intensity. One of the most intriguing examples is 
plasmonic enhancement of Raman scatting. Associated with the molecular 
vibration level, Raman signal serves as a finger print for the qualitative 
detection of molecules. Due to its low quantum efficiency, the normal Raman 
signal is hardly to be detected. However, it can be greatly enhanced by the SPR. 
This effect was known as surface enhanced Raman scattering (SERS), which 
scales as fourth power of local field enhancement.30 Nie et al. reported 1015 
times enhancement of SERS signal by coupled Ag NPs, demonstrating the 
probability of single molecule Raman detection.31 Since then, SERS has 
become a powerful analytical tool for the sensitive and selective detection of 
molecules adsorbed on noble metal nanostructures.32,33 Second harmonic 
generation and its incoherent form hyper Rayleigh scattering are the two main 
processes for scattering photons at doubling frequency of the incident light. The 
both phenomena are second order optical effect scaling with the square of the 
optical intensity. Although noble metals are centrosymmetric media lacking a 
bulk SHG capability, the broken symmetry at metallic surfaces allows for 
SHG processes. SHG at metal interfaces can be increased by more than an 
order of magnitude through coupling to surface plasmon.34 Coupled plasmonic 
nano antennas can further increase the electromagnetic intensity and SHG. The 
first experimental demonstration of such effects was carried out using a silver 
bull’s eye collector, where a ~104 increase in the frequency doubling 
efficiency was achieved owing to the enhanced and localized transmittance.35 
Later Scherer reported strong SHG signal from single Ag NP cluster.36 Ray et al. 
have applied enhanced hyper Rayleigh scattering in coupled metal NPs as new 
platform for sensitive biological and chemical sensing.37 Aside from these 
effects, the TPPL could also be greatly enhanced by plasmon coupling, which 
will be discussed in more details later. 
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Figure 1.10 (A) First photoluminescence spectra of bulk Au and Cu recorded; 
(B) Detail of the band structure near L and X band for bulk Au. 
   
Besides the strong light absorption, scattering and local electric field 
enhancment, the plasmonic NPs are also photo luminescent. PL from bulk Au 
was first reported by Mooradian in 1969 with a quantum yield of 10-10.38 The 
mechanism was attributed to the radiative recombination of the conduction 
band electrons with the d-band holes. Later, Guerrisi et al. ascribed the two PL 
peaks to the interband transitions in the L and X symmetries of the Brillouin 
zone of Au.39 The emission process was initiated by the e-h separation, leaving 
a hole in the valence band, followed by conduction band relaxation to the Fermi 
level through electron-electron scattering and electron-photon scattering. 
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Photons are then emitted by radiative recombination of electrons and holes. At 
the early stage, the PL of noble metals remained rarely studied owing to its low 
quantum efficiency. It was until 1980s, Shen et al. discovered much higher 
emission efficiencies from roughened Au films.40 They proposed that the local 
field enhancement was the prerequisite for the observed PL enhancement. 
Figure 1.11 Emission quantum yield of Au NRs with different aspect ratios. 
  The PL from Au nanostructures was widely acknowledged to be much 
higher compared to bulk Au. Caruso observed size-independent PL efficiency 
of Au nanospheres (NSs) to be 10-6.41 The efficiency of Au nanorods (NRs) was 
revealed to be even higher (up to 10-4), over a million times more efficient 
compared to bulk gold. Moreover, the emission peak was found to red-shift 
with the length of the nanorods.42 The authors demonstrated that the huge 
enhancement of emission yield arose from “lightning rod effect”, or 
equivalently, the coupling of the incoming and outgoing light to the surface 
plasmon resonances of gold nanorods. Owing to strong outgoing coupling, the 
Au nanocubes were reported to have higher emission quantum yield (~10-2).43 
Most recently Michel Orrit et al. demonstrated an accurate measurement of the 
PL quantum yield in single Au NP level by using the combined fluorescence 
and photothermal imaging techniques. The authors discovered approximately 
an order of magnitude increase of the quantum yield of Au NRs (SPR >650 nm) 
over NSs.44 Using time-resolved fluorescence up-conversion technique, the 
emission lifetime of Au NSs and NRs were measured to be ~50 
femtosecond.45,46 The results indicate the energy relaxation was dominated by 
the photothermal effect arising from the ultrafast electron-electron scattering 
(0.1~0.5 ps).  
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Figure 1.12 Normalized scattering and PL spectra of Au NRs with different 
aspect ratio 
 
Besides the enhanced quantum efficiency over the bulk, the PL from 
plasmonic NPs also differs in the spectral shape. Unlike the emission spectra 
with peaks (L and X bands) in bulk Au, Au NPs was reported to show close 
spectral resemblance to their SPR in most research articles. Figure 1.12 shows 
the typical scattering and PL spetra of Au NRs reported by Orrit group.44 The 
PL fit well with their scattering spectra in all Au NRs. While radiative 
recombination of electron-hole pair is widely held to be the emission 
mechanism in bulk Au, the origin of PL in Au NPs is still under active debate. In 
general, there are 3 main explanations: plasmon modulated interband transition, 




Figure 1.13 (a) White light dark-field scattering spectra and (b) Two-photon 
photoluminescence by 780 nm fs excitation from two different Au NPs 
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As the name implies, plasmon modulated interband transition is the 
modulation of electron-hole recombination by the SPR of the NPs. Interband 
transition in resonance with the SPR could be selectively accelerated by the 
Purcell effect. The PL spectra are then reshaped to resemble that of the SPR. 
Plasmon emission is the direct radiative decay of the surface plasmon. 
Beversluis et al. investigated the two-photon photoluminescence of 100nm Au 
Nanospheres.47 The authors observed slight blueshift in the PL peak relative to 
their scattering spectra in both particles. The shift was attributed to the L band 
(510nm) emission modulated by the particle plasmon. The effect is not large for 
particle 1, whose scattering peak (550nm) is near the band gap, but for particle 2, 
the shift of the photoluminescence peak away from the surface plasmon peak is 
over 20 nm towards the blue. 
In some reports, the PL in plasmonic NPs was also ascribed to plasmon 
emission.48,49 Originated from the directive radiative relaxation of surface 
plasmon, plasmon emission is usually dipole forbidden because the initial and 
final electronic states have the same symmetry. However, under some 
conditions the spatial confinement of the near-field results in an increase of 
higher-order transitions moments, such as the quadrupole SPR mode, whose 
symmetry rules no longer prohibit intraband transitions. The first plasmon 
emission was reported by Bouhelier et al. in the two-photon PL of Au NRs.48 
Even though it was merely based on the good overlap between the PL and 
scattering spectra, the ascription was accepted by several groups. 
 
Figure 1.14 Schematic representation of interband transition initiated plasmon 
emission in Au NSs. 
15 
While these two explanations are more widely acknowledged, E. Dulkeith 
et al. proposed that the emission may also be induced by the interband transition 
initiated plasmon emission, which has been accepted by several groups.41,44,50 In 
the process, d-band holes recombine non-radiatively with sp electrons. Each 
excited d-band hole polarizes the particle and thus triggers the surface plasmon. 
These plasmons could then decay radiatively by emitting photons.  
In contrast to Au, the PL of Ag NPs has received less attention due to their 
oxidation in air and biotoxicity.51-53 However Ag NPs are reported to show 
stronger field enhancement effect and higher PL quantum efficiency. According 
to the result by Yeshchenko et al., the quantum yield of silica embedded Ag NPs 
increased with decreasing particle size, with the efficiency of 8 nm Ag 
nanoparticles estimated to be 10-2.54 Two bands of emission was observed, 
which were ascribed to the radiative electron interband transitions and radiative 
decay of surface plasmons of Ag nanoparticles respectively. The strong local 
electric field induced by the surface plasmon resonance in Ag nanoparticles was 
thought to enhance the exciting and emitting photons, leading to the increased 
quantum yield observed. 
1.4 Two-photon photoluminescence (TPPL) in plasmonic nanoparticles 
In the early twentieth century, one of the most significant events in physics 
was the establishment of the quantum theories of photon-matter interactions. 
Through the interaction, there is an energy exchange between the two elements. 
The induced dipole moment per unit volume of the matter, or the induced 
polarization )(
~
tP , depends on the strength of the electric field )(
~
tE of the 









tEtEtEtP              (1.11) 
The quantities )1( , )2( and )3(  are known as the linear, second and third 
order nonlinear susceptibilities respectively.55 In the early developmental stage, 
scientists mostly considered only the linear optical process due to its high 
efficiency under common experimental conditions, e.g., the one-photon 
excitation photoluminescence. 
In 1931, Maria Goeppert-Mayer presented the first theoratical possibility 
of the two-photon photoluminescence (TPPL).56 Instead of absorbing one 
photon, the transition from ground state to a higher energy level of an atom or a 
16 
molecule could also take place by simultaneously absorbing two photons to 
span the energy gap of states. The two-photon absorption (TPA) process is a 
third order nonlinear optical effect, in which a highly concentrated local light 
intensity is required. Therefore its efficiency was too small to be detected by 
excitation using the conventional (incoherent) lights. It was until 30 years later, 
one year after the invention of first laser system, Kaiser and Garrett reported the 
first observation of TPPL in a CaF2:Eu
2+ crystal samples.57 Thereafter the 
two-photon absorption has opened up a new research area with both 
fundamental significance and great application potentials.58 Two-photon 
excitation can be evidenced by the quadratic dependence to the incident light 






              (1.12). 
Here I(z) is the intensity of the incident light beam propagating along the z 
direction and  ,  ,  and  are the one-, two-, three-, and four-photon 
absorption coefficients of the transmitting medium, respectively. Under the 
conditions that there is no linear absorption at the wavelength of the incident 






                       (1.13). 
The physical meaning of this expression is that the probability of TPA is 
proportional to the square to the incident laser intensity. 
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Figure 1.15 Illustrative demonstration of (a) localized excitation volume of 
TPA, (b) Human tissue penetration depth of light with different wavelength. 
 
Despite its low efficiency, the TPA has some unique properties over its 
one-photon counterpart.59-61 On one hand, as a nonlinear optical effect, 
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two-photon absorption requires high local light intensity. Thus it can only occur 
in the tight focal volume of the incident pulse laser. Together with the low linear 
absorption efficiency of the materials to the excitation light, TPA has high 
spatial selectivity, resulting in appealing applications in the 3D fabrication and 
imaging. On the other, a NIR laser was typically employed as the light source 
for two-photon excitation. The NIR light is very important in the in-vivo 
bioimaging and photo-therapy due to its deep tissue penetration depth, as 
illustrated in Figure 1.15. 
 
Figure 1.16 (A) Excitation schemes of sequential one-photon absorptions near 
the X and L symmetry points. Open and closed circles denote holes and 
electrons, respectively. (B) TPEM measurements of fluorescein, Au nanorods 
and coupled Au nanospheres. The solid black curve represents the laser pulse 
duration. 
 
In 1986, strong TPPL in noble metals was first observed by Boyd et al. in 
roughened Au film.40 Later many groups successively reported strong TPPL in 
Au NPs with anisotropic structures.62-64 Instead of simultaneously absorbing 
two photons, the two-photon excitation in Au arises from the sequential 
one-photon absorption.65 Upon the optical excitation, the first photon excites an 
electron in the sp conduction band below the Fermi surface to the sp conduction 
band above the Fermi surface via an intraband transition. At the same time, a 
hole is created in the sp conduction band below the Fermi level. Subsequently, 
the hole was filled by an excited electron from the d band excited by the second 
photon. A new hole was then generated in the d band. As a consequence, an 
electron hole pair is generated, which can recombine to radiate later. The 
sequential photon absorption nature could be revealed by two-pulse emission 
modulation spectroscopy (TPEM).66 The TPEM technique involves two 
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time-correlated laser pulses, one weak pump beam and one strong re-pump 
beam. The pump beam was modulated and the time delay between the two 
beams was controlled by a spatial delay time. The sp band electron-hole pairs 
were firstly generated by the modulated pump beam. The re-pump beam was 
then employed to pump the d-band electrons to the sp holes. The emission 
intensity arising from the interband e-h recombination was processed with a 
lock-in amplifier and plotted with respect to the time delay between the two 
pulses. Using this technique, Jiang et al. investigated the two-photon absorption 
process of fluorescein, Au nanorods and coupled Au nanospheres.67 The TPEM 
time decay constant of fluorescein equals to the pulse duration, indicating a 
coherent two-photon absorption process. However that of Au NRs (4.0 ps) and 
coupled Au NSs (3.1 ps) match well with the lifetimes of intermediate states 
measured from pump−probe experiments. These results support the fact that the 
TPPL in Au NRs and coupled Au NSs arises from incoherent sequential 
one-photon absorption steps involving real intermediate states. 
The two-photon excitation strongly coupled to surface plasmon of the 
metal NPs, giving rise to greatly enhanced excitation efficiency. Wang et al. 
reported that the TPPL intensity showed cos4 dependence on the excitation light 
polarization to the longitudinal SPR mode of the single Au NRs.62 The strong 
polarization dependence was caused by greatly enhanced two-photon excitation 
efficiency in the longitudinal direction owing to its 4th power dependence on the 
local electric field intensity. For this reason, though the plasmonic NPs are poor 
photon emitters, they are believed to show strong two-photon 
photoluminescence. The two-photon action cross section of Au nanorods 
(aspect ratio 4, average size 44×12nm) was reported to be ~3×104 GM, despite 
of their low emission quantum efficiency.68 This result is 2 orders of magnitude 
higher than that of common organic dyes. Thus the Au NRs have been widely 
used as two-photon fluorescence probe in bioimaging and biosensing. Just 
because of its low PL quantum yield, almost all the absorbed energy will be 
released as photo thermal. The high local temperature is capable of causing 
apoptosis by burning up the cell organelles. Au NRs could therefore function 
with dual capability of two-photon imaging and photothermal therapy.69,70 
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1.5 Enhanced TPPL in Coupled Plasmonic Nanoparticles 
A B
 
Figure 1.17 (A) SNOM TPPL scanning images of coupled Au NRs; (B) 
Comparison of TPPL intensity (circles) and theoretical 
4
E (open squares) 
enhancement in Au nanobowtie with different gap sizes. 
 
The two-photon emission of metal NPs can be further enhanced by the 
plasmon coupling. However, up to now publications in this area are still quite 
rare. Eisler and cowokers reported 65 times TPPL enhancement in coupled Au 
NR dimers.49 The corresponding emission spectra displayed close analogs to 
that of dark field scattering, just as observed in the isolated NR. By using the 
scanning near-field optical microscopy, Ghenuche and colleagues revealed that 
the TPPL was strongly confined in the gap of coupled nano antennas, showing 
the same spatial distribution with the electric field, as shown in Figure 1.17a.71 
These results indicated the strong correlation of the local field enhancement and 
the TPPL amplification. W.E Moerner group discovered >103 enhancement of 
the TPPL in coupled Au nanobowties.72 The emission intensity displayed strong 
dependence to the gap size of the bowtie. The results matched well with the 
4
E
enhancement with reducing the gap size (Figure 1.17b), confirming the strong 
coupling of TPPL to the local field enhancement. In this sense, the TPPL shows 
close analogs to SERS. An even astonishing work was reported by 
Mühlschlegel et al.73 In addition to TPPL, a much brighter white-light 
supercontinuum was observed under high excitation power. The white-light 
supercontinuum is a 4th order nonlinear optical effect with extraordinarily low 
efficiency, as was confirmed by the 4th power dependence to the incident power. 
The white light generation indicated extreme field enhancement within the nano 
antenna.  
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1.6 Objective and Significance of Dissertation 
Even though the coupling induced TPPL enhancement has been 
previously reported, almost of these study were based on the nano structures 
fabricated by electron beam lithography (EBL), reducing its significance in the 
potential application in the in-vivo biosensing and bioimaging. Additionally, 
owing to the diffraction limit of electron beam, it is challenging to fabricate the 
coupled structures with gap size smaller than 10nm, leading to greatly reduced 
local field enhancement effect.  
The coupling induced by small molecular linkers serves as an ideal 
alternative. The spherical and cubic metal NPs generally possess very low 
two-photon absorption cross section because of their weak plasmon resonance 
at the two-photon excitation wavelength (typically in NIR region). They can be 
strongly coupled with very small gap size by using molecular linkers. Once 
coupled, the plasmonic nano antenna serves as a robust platform to significantly 
amplify the local electric field, resulting in greatly enhanced two-photon 
photoluminescence, showing appealing applications in the chemical sensing, 
in-vivo biosensing and bioimaging, optoelectronic devices and so on. Together 
with the exceptional photothermal effect, this coupling induced TPPL 
enhancement can act as a multifunctional platform for the in-vivo two-photon 
imaging and photothermal therapy of cancer cells. This dissertation aims at the 
systematic study of plasmon coupling enhanced TPPL in its fundamentals as 
well as its potential applications. The research was conducted both in the 
assemble average and single particle level. 
1.7 Experimental Techniques 
The spectroscopy is of powerful capabilities to study the light-matter 
interactions. Many advanced spectroscopic techniques have been developed to 
study various optical properties of function materials. A short description of the 
representative techniques used to characterize optical properties of plasmonic 
nanoparticles will be given in this section.  
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Figure 1.18 Optical setup of a TPPL measuremet. 
The experimental set up of a typical TPPL measurement is as shown in 
Figure 1.18. Due to the low efficiency of two-photon absorption, typical a 
femtosecond Ti:sapphire oscillator is used as the excitation source. The output 
laser pulses have central wavelength of 800 nm with a pulse duration of <100fs. 
The laser beam is purified by an excitation filter before focused onto the 
samples contained in a cuvette with a path length of 1 cm. The emission from 
the samples is collected at an angle of 90o to the excitation beam by a pair of 
lenses and an optical fiber connected to a monochromator (Acton, Spectra Pro 
2300i) coupled CCD (Princeton Instruments, Pixis 100B). A short pass filter 
with a cutoff wavelength of 750 nm is placed before the monochromator to 
minimize the scattering from the excitation beam. 
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Figure 1.19 Set up for dark field scattering spectroscopy 
The scattering are directly related to the SPR of plasmonic NPs, hence the 
local field enhancement capabilities. It is thus very important to know the 
wavelength dependent scattering to attain the maximal field enhancement. The 
scattering spectra can be measured by the slit imaging technique coupled with 
dark field microscope. A quasi collimated white light from 100W tungsten 
halogen lamp was focused onto the NPs of interest by a dark field condenser 
(NA=0.8~0.9). The scattered light was collected by a NA=0.5 objective (100X 
magnification) which was then fed into Acton 2150i monochromator coupled 
with Andor Clara CCD camera cooled at -45 oC. The grating was first switched 
to the zero position for the imaging correlation with the SEM image of the 
nanoparticle of interest. The dark field scattering from the same particle in the 
center of narrowed slit was then expended by the grating for the spectra 
analysis. 
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1.7.3 Single Particle TPPL Measurement 
 
Figure 1.20 Experimental setup for single particle TPPL measurements: (1) fs 
laser, (2) 1:5 beam expander, (3) mirrors, (4) 785/10nm laser clean up filter, (5) 
wave-plates, (6) 50/50 beam splitter, (7) 3-D piezoelectric stage, (8) 785nm 
notch filter, (9) flip mirror, (10) avalanche photodiode, (11) PicoHarp 300, (12) 
spectrometer. 
 
To measure the TPPL in single particle level, the excitation fs pulses from 
Ti:sapphire oscillator was purified by an excitation laser filter and spatially 
expanded by a 5× beam expander to give a beam diameter of approximately 1 
cm before entering the microscope (Nikon Eclipse Ti). A wave plate was placed 
in the beam path to adjust the laser polarization. The beam was reflected by a 
50/50 beam splitter into the objective lens (NA=1.25) and focused onto the 
sample with a diameter of 0.61/NA. A piezo stage (PI E-710) movable in three 
dimensions was employed for the sample positioning and imaging scanning. 
The emission was collected by the same objective lens and filtered by a 
emission filter to suppress the laser scattering. The photoluminescence was 
subsequently acquired by the spectrometer (Princeton Instruments) for spectral 
detection or to a high quantum efficiency photon counting avalanche 
photodiode (APD) (PerkinElmer) together with PicoHarp 300 for intensity and 
imaging measurements.  
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Figure 1.21 Set up for laser mirofabircation and TPPL readout. 
To create the desired pattern by laser photothermal microfabrication, the 
same Nikon inverted microscope was employed. Before entering into 
microscope, the laser beam was first modulated by a first response optical 
shutter, followed by beam expansion using a 5X beam expander to get 1cm 
wide collimated beam. A /4 wave plate was then employed to obtain a circular 
laser polarization. Subsequently, the beam was focused onto the sample by a 
high NA (1.25) objective. The sample was placed onto a 3-D piezo stage. The 
stage was synchronized with the optical shutter by labVIEW. The pattern could 
then be fabricated by the fast on/off of the laser beam and the relative of the 
laser focus to the sample. The pattern could be read out by the two-photon 
scanning imaging based on the same microscope.  
25 
1.7.5 Pump Probe Dynamic Measurement 
 
Figure 1.22 Optical setup of a pump-probe experiment. 
The electronic relaxation dynamics of plasmonic nanoparticles can be 
measured by using femtosecond pump-probe spectroscopy. Transient 
absorption (TA) spectra and single wavelength dynamics of noble metal 
nanocrystals can be obtained from pump-probe measurements. The TA spectra 
of noble metal nanocrystals provide an insight on the behaviour of excited 
electrons as a function of time over a range of wavelengths probed. On the 
other hand, single wavelength dynamics measurements of noble metal 
nanocrystals allow one to study the electronic relaxation rates at the 
wavelength probed by fitting the time-resolved decay curves obtained.  
A typical optical set up for a pump-probe experiment involves two beams, 
one modulated pump beam and one probe beam, as shown in Figure 1.22. The 
laser pulses are generated from a mode-locked Ti:sapphire oscillator seeded 
regenerative amplifier with amplified pulse peak energy at 800 nm and a 
repetition rate of 1 kHz. The 800 nm laser beam is split into two portions. The 
pump beam is frequency doubled to 400 nm by passing through a BBO crystal 
and modulated by a mechanical chopper at a chopping frequency of 500 Hz. 
The other portion of the 800 nm pulses is used to generate white light 
continuum in a 1 mm sapphire plate, which acts as the probe beam. The white 
light beam is further split into two portions: one as the probe and another as a 
reference to correct for the pulse-to-pulse intensity fluctuations. The pump 
beam is focused onto the sample with a beam size of 300 µm and overlaps the 
smaller probe beam (100 µm in diameter). The delay between the pump and 
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probe pulses is varied by a computer-controlled translation stage. In a 
pump-probe scan, the pump-induced absorption change as a function of the 
delay time between the pump and probe pulses was detected by a Si 
photodiode before fed into a SR830 lock-in amplifier for the data analysis 
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Chapter 2. Enhanced Two-photon Emission in 
Coupled Metal Nanoparticles Induced by Conjugated 
Polymers 
Interactions between noble metal (Ag and Au) nanoparticles and conjugated 
polymers as well as their one- and two-photon emission have been investigated. 
Ag and Au nanoparticles exhibited extraordinary quenching effects on the 
fluorescence of cationic poly(fluorinephenylene). The quenching efficiency by 
37-nm Ag nanoparticles is ~19 times more efficient than that by 13-nm Au 
nanoparticles, and 9–10 orders of magnitude more efficient than typical small 
molecule dye–quencher pairs. On the other hand, the cationic conjugated 
polymers induce the aggregate formation and plasmonic coupling of the metal 
nanoparticles, as evidenced by TEM images and appearance of a new 
longitudinal plasmon band in the near-infrared region. The two-photon 
emissions of Ag and Au nanoparticles were found to be significantly enhanced 
upon addition of conjugated polymers, by a factor of 51-times and 9-times 
compared to the isolated nanoparticles for Ag and Au, respectively. These 
studies could be further extended to the applications of two-photon imaging and 
sensing of the analytes that can induce formation of metal nanoparticle 
aggregates, which have many advantages over the conventional one-photon 
counterparts.   
2.1 Introduction 
In the past decades, intensive research has been carried out in preparation of 
noble metal nanoparticles of various sizes and shapes due to their unique optical 
properties and wide range of potential applications in catalytic, nonlinear optics, 
chemical and biological sensing and bio-imaging.1-6 In particular, metal 
nanoparticles display unique optical property known as surface plasmon 
resonance (SPR), which arises from the collective oscillation of the conduction 
band electrons.7 These SPR bands are sensitive to the morphology of the metal 
nanoparticles as well as the surrounding dielectric media, and can be tuned from 
blue to near infrared.8 
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Nobel metals are generally known as non-fluorescent. Photoluminescence 
(PL) in gold was first observed by Mooradia et al. in 1969 with quantum yield 
as low as 10-10.9 Boyd et al. later observed much higher photoluminescence 
from metal films with rough surfaces.10 The luminescence quantum efficiencies 
of Au nanospheres and Au nanorods have been determined to be 10-6 and 10-4 
respectively.11,12 The significantly enhanced photoluminescence in rough metal 
surface or metal nanoparticles are generally attributed to strong local electric 
fields, which result in enhancement of the radiative recombination rates. 
Although metal nanoparticles are poor light emitters under one-photon 
excitation, silver and gold nanoparticles were found to exhibit enhanced 
two-photon excitation emission,13-16 which was ascribed to enhanced excitation 
efficiency due to the increased local electric field induced by localized surface 
plasmon resonance.  
Nanoparticles having longitudinal plasmon modes at the near-infrared 
region, coincident with biological transparency window, are particularly 
attractive candidates for two-photon photo-luminescence agents. The plasmon 
resonance can be tailored to near-IR by preparing anisotropic nanostructure 
such as nanorods or nanowires.17,18 Alternatively, it can be tuned by assembling 
nanoparticles into one-dimensional (1-D) or two-dimensional (2-D) 
nanostructures.19,20 Strong two-photon photoluminescence was previously 
observed from gold nanorods or aggregated nanoparticles on glass substrate.21 
It is usually difficult to control the aggregation of nanoparticles on the substrate, 
as nanoparticles randomly aggregate themselves as the solvent evaporates. In 
addition, it is difficult to use nano-aggregates on substrate in the applications in 
homogeneous environment. It is thus preferred to assemble nanoparticles in 
solution to control their aggregation for their potential applications. 
Previously we have observed formation of gold nanochain induced by 
conjugated polymers, which could be utilized as a SERS substrate with 
enhancement factor of 400-times compared to the one made of isolated 
nanoparticles.22 Here in this work, we further demonstrated that conjugated 
polymer induced aggregation of Ag and Au nanoparticles (NPs) in 
homogeneous solution could result in significant enhancement in two-photon 
excitation emission. The two-photon emission of Ag NP and Au NP aggregates 
were found to be enhanced by 51 times and 9 times respectively compared to 
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the isolated ones. The formation of metal nanoparticles could be induced by 
many biologically important species.23-25 Plasmonic coupling induced 
two-photon emission enhancement could be utilized to develop many potential 
applications such as two-photon bio-imaging and sensing, which possess many 
advantages compared to their one-photon counterparts. 
2.2 Experimental Section 
2.2.1 Materials 
Silver nitrate (AgNO3, 99%) and gold (III) chloride trihydrate (HAuCl4·3H2O, 
99.9%) were purchased from Aldrich. Trisodium citrate dihydrate (99%) were 
obtained from Fluka. Poly[(9,9-di(3,3′-N,N′-trimethylammonium)- 
propyl-fluorenyl-2,7-diyl)-alt-co-(1,4-phenylene)] diiodide salt (PFP) (MW 
10,000–15,000) were purchased from American Dye Source. All chemicals 
were used as received without further purification. Water used in the 
preparation of all samples was purified with cartridges from Millipore 
(NANOPure, Barnstead, USA) to a resistivity of 18.0 MΩ·cm. 
2.2.2 Preparation of Ag nanoparticles (Ag NPs) 
Ag NPs were prepared by using a citrate reduction method.26 4.5 mg 
AgNO3 was dissolved in 100 mL of H2O and brought to boiling. 6 mL of 1% 
sodium citrate solution was then added. The solution was kept boiling for 1 h. 
The prepared Ag colloids have a plasmon band with band maximum at 414 nm 
and a mean diameter of 37 nm. Ag NPs were purified by centrifugation at 9,000 
rpm for 10 min to remove the excess citrate ions. 
2.2.3 Instrumentations and Characterizations 
TEM images of nanoparticles were taken from a Philips CM10 TEM 
microscope (at an accelerating voltage of 100 kV). Pictures of the samples were 
taken by using a Canon 500D DSLR camera. UV-vis extinction and one-photon 
excitation fluorescence spectra were measured by using a SHIMADZU 
UV-2550 spectrophotometer and a SHIMADZU RF-5301PC fluorometer, 
respectively.  
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The two-photon excitation fluorescence was measured by using a Spectra 
Physics femtosecond Ti:sapphire oscillator (Tsunami) as the excitation source. 
The output laser pulses have a central wavelength at 800 nm with pulse duration 
of ~80 fs and repetition rate of 80 MHz. The samples were excited by directing 
a tightly focused laser beam onto the sample. The emission from the sample was 
collected at a 90o angle to the direction of the excitation beam to minimize the 
scattering. The fluorescence signal was directed into a CCD (Princeton 
Instruments, Pixis 100B) coupled monochromator (Acton, Spectra Pro 2300i) 
with an optical fiber. A 750 nm short pass filter was placed before the 
spectrometer to minimize the light scattering from the excitation light. 
2.3 Results and Discussions 
Positively charged conjugated polymers and negatively charged metal 
nanoparticles can interact through electrostatic attractions and display 
interesting properties. Conjugated polymers are fluorescent molecules and 
have been utilized in many biological applications.27-31 It has been previously 
reported that fluorescence of conjugated polyelectrolytes near gold 
nanoparticles could be dramatically quenched, which was called 
super-quenching.32 On the other hand, conjugated polymers can induce 
aggregation of metal nanoparticles.22,23 






































































Figure 2.1 (A) One photon excitation fluorescence spectra of PFP (2.5 M in 
repeat units) in the presence different concentration (0, 4.6, 13.9, 32, 67 and 
127 pM) of 37 nm Ag NPs (a-f). (B) Plot of PFP quenching versus 
concentration of Ag NPs. The inset is the linear dependence in the low 
quencher concentration regime. 
 
Here we observed that the negatively charged Ag NPs can quench the 
emission of cationic conjugated polymer, 
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poly[(9,9-di(3,3′-N,N′-trimethylammonium) 
-propyl-fluorenyl-2,7-diyl)-alt-co-(1,4-phenylene)] diiodide salt (PFP), with 
very high efficiency (Figure 2.1). The samples were excited at the absorption 
maximum of PFP, 380 nm. Upon gradual addition of 37-nm Ag NPs, the PFP 
emission was significantly quenched, almost all the emission was quenched 
after addition of 127 pM Ag NPs. The results indicate that one Ag nanoparticle 
can quench lots of PFP fluorophores (>1000 repeat units). 
Fluorescence quenching is usually described by the Stern-Volmer equation, 
0 / 1 [ ]SVK Quencher    , where 0 and  are fluorescence quantum yield of 
the fluophores in the absence and presence of the quencher. 0/ is equal to the 
ratio of the fluorescence being quenched. Stern-Volmer constant KSV generally 
describes the quenching efficiency. At low concentrations of Ag NPs, 0/ 
versus quencher concentration is linear and the quenching process follows the 
Stern-Volmer relationship, which gives a Stern–Volmer quenching constant of 
KSV =3.7×10
10 M-1. At high concentrations of Ag NPs, 0/ versus quencher 
concentration is nonlinear. The quenching process deviates from the 
Stern-Volmer relationship and displays a super-quenching behavior.33 Similar 
quenching experiments were also performed by using 13-nm gold nanoparticles. 
The quenching efficiency by Ag NPs is ~19 times more efficient than 13 nm Au 
NPs (KSV = 1.98×10
9 M-1, see the supporting information), and 9–10 orders of 
magnitude more efficient than typical small molecule dye–quencher pairs. 
Energy transfer is believed to be the primary reason responsible for the 
observed super-quenching.32 The perfect spectral overlap between Ag NPs 
absorption and PFP emission (Figure S1.2) and very strong SPR absorption 
band of Ag NPs ensure efficient energy transfer from conjugated polymers to 
the metal nanoparticles. In addition, quenching efficiency is amplified by 
exciton delocalization within the conjugated polymer.34 Electrostatic 
interactions between conjugated polymers and Ag NPs result in formation of a 
1-D or 3D assembly of PFP/Ag NPs, which will further amplify the quenching 
effect. It was also believed that electron transfer between the conjugated 
polymers and metal NPs might also be responsible for the observed quenching 
effects.35 
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Figure 2.2 Two-photon emission spectra of PFP (2.5 M in repeat units) in the 
presence of Ag NPs with concentrations of 0, 4.6, 13.9, 32, 67 and 127 pM (a-f). 
The excitation power was 200 mW. 
 
However, the results are strikingly different when we performed the 
similar experiments under two-photon excitation (Figure 2.2). Femtosecond 
laser pulses with central wavelength at 800 nm were used as the excitation 
source. Upon addition of Ag NPs, the PFP emission was gradually quenched, 
similar to the one-photon excitation case. However, another new broad 
emission band appeared at the longer wavelength side (500~700 nm), 
concomitant with the gradual decreases of PFP emission. This new emission 
became even much brighter than that of original PFP in the absence of any Ag 
NPs under excitation at 800 nm femtosecond laser pulses. 
The effects are more evident when we did the similar experiments by 
gradual addition of PFP into a fixed concentration (127 pM) of Ag NPs instead 
(Figure 2.3). In the original Ag NPs solution without any PFP, the emission is 
very weak. Only a rising tail extending to near-IR was observed, which might 
be mainly due to the scattering. However, a broad band emission between 500 
and 700 nm appeared upon addition of conjugated polymers and increased 
dramatically when more PFP was added. We could even directly observe a very 
bright orange-yellow color with naked eyes. The emission at 600 m was 
enhanced by 51 times upon addition of 5.0 M PFP. Gold nanoparticles 
displayed similar enhancement of two-photon emission, by a factor of 9 upon 
addition of conjugated polymers (see supporting information).
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Figure 2.3 (A) Two-photon luminescence of Ag NPs (127 pM) in presence of 
different concentraions of PFP (0, 0.25, 0.5, 1.25, 2.5, 3.75, 5.0 M from a to g). 
The excitation power is 200 mW. h is for Ag NPs in presence of 5.0 M of PFP 
(sample g) but under excitation of CW laser of the same avareage power; (B) 
Power dependence of the emission of Ag NPs/PFP complex under excitation of 
800 fs laser pulses for the sample with 127 pM of Ag and 2.5 M of PFP 
(sample e). 
 
This new broadband emission is believed to arise from two-photon 
excitation emission of aggregated Ag NPs induced by conjugated polymers. To 
confirm the two-photon excitation nature of the emission, the power 
dependence of the emission under excitation of 800 fs laser pulses was 
measured for the sample with 127 pM of Ag and 2.5 M of PFP (sample e). The 
semi-log plot of the emission intensity versus laser power gives a slope of 1.9, 
confirming that the emission arises from two-photon excitation. The 
multi-photon excitation nature of the emission was further confirmed by 
exciting the samples using a continuous wave (CW) laser of the same total 
power at 800 nm, no emission could be detected at all (line h in Figure 2.3A). 
It is well known that the metal nanorods typically have much higher 
two-photon excitation emission than spherical metal nanoparticles.36 It has also 
been known that conjugated polymers can induce aggregate formation of Au 
nanoparticles and display extinction spectra similar to that of Au nanorods.22 
The enhanced two-photon excitation emission of the complex is likely due to 






Figure 2.4 TEM images of (A) isolated Ag NPs and (B) aggregated 
nanoparticles (127 pM Ag NPs in presence of 0.5 M PFP); (C) UV-vis 
extinction spectra of 127 pM Ag NPs in the presence of PFP with 
concentrations of 0, 0.25, 0.5, 1.25, 2.5 3.75 and 5.0 M (in monomer repeat 
units) from a to g. 
 
Formation of Ag aggregates can be confirmed by TEM images and UV-Vis 
extinction spectra. Figure 2.4 A and B show the TEM images of isolated and 
aggregated Ag nanoparticles. In the presence of PFP, the negatively charged Ag 
NPs form a nanochain structure consisting of several nanoparticles. The 
UV-Vis extinction spectra of Ag NPs also undergo significant change upon 
addition of cationic PFP. Upon addition of PFP, the transverse SPR absorption 
of Ag NPs at 414 nm decreased, another new band appeared at longer 
wavelength region (500-900 nm). An obvious color change from yellow to dark 
green was observed (Figure 2.4C inset). The new band further shifted to longer 
wavelength when more PFP was added. The extinction spectra of Ag NPs/PFP 
are similar to those of metal nanorods, which further confirm the formation of 
chainlike structure. The longitudinal resonance band of Ag NP aggregates 
shifted to longer wavelength with more PFP added, suggested the increased 
chain length at higher concentration of polymers. When 2.5 M PFP were 
added, the longitudinal SPR mode was centered at 800 nm. The resulting 
complex was very stable and no obvious precipitation was observed after 
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several days. 
The formation of Ag NPs aggregate is believed to be induced by 
electrostatic interactions between cationic PFP and negatively charged Ag NPs, 
which bring individual Ag NPs into proximity to cause plasmonic coupling. 
The plasmon coupling cause the SPR band to develop into two modes,37 as 
demonstrated in Figure 2.4B. The formation of the new longitudinal plasmon 
band in the near-IR range, on one hand, provides an enhanced local electric field. 
On the other hand, the near-IR plasmon band might provide an intermediate 
state for the two-photon absorption processes. Both factors will greatly enhance 
the two-photon excitation efficiency and result in significantly enhanced 
two-photon emission. 
It was previously demonstrated that white light continuum radiation, in 
addition to two-photon photo-luminescence, can be generated by illuminating 
picosecond laser pulses at gold dipole antenna due to strong field enhancement 
at the antenna feed gap.16 The white light continuum was found to follow a 
fourth order power law on the excitation intensity. Here in our experiments, the 
emission is believed due to two-photon excitation since it follows a second 
order power law on excitation intensity. Two-photon photoluminescence has 
also been observed in clusters of closely spaced gold nanoparticles or 
aggregates and have found applications in bio-imaging,15 which was believed 
due to enhancement by the strong localized surface plasmon resonance. Here 
we used conjugated polymers to induce the formation of longitudinal plasmon 
resonance, which will result in enhanced two-photon excitation emission. Most 
recently Heeger et al. reported a colorimetric detection method to indentify 
different forms of DNA, proteins and some small molecules, which were based 
on the different aggregation degree of gold nanoparticles induced by many 
biomolecules with different conformations.23 We also found that other ions or 
polyelectrolytes that have opposite charges to that of metal nanoparticles, such 
as Na+ and poly-(allyamin hydrochloride), can also induce the aggregation of 
metal nanoparticles, can thus enhance the two-photon emission of metal 
nanoparticles. Our studies could be further extended to the applications of 
two-photon imaging and sensing. For example, pH induced aggregation of 
metal nanoparticles inside the cells could be potentially useful for cancer cell 
imaging.38 Charged membrane could induce the aggregation of oppositely 
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charged metal nanoparticles, which could be potentially utilized in two-photon 
bio-imaging.  Analytes that can induce the aggregation of metal nanoparticles 
could be quantitatively detected by two-photon sensing.  Two-photon imaging 
and sensing have many potential advantages over the conventional one-photon 
counterparts such as deep penetration and non-invasive in-situ detection. 
2.4 Conclusion 
Metal nanopraticles have been known as efficient fluorescence quenchers to 
suppress the emission of the strongly fluorescent conjugated polymers. In this 
work, we demonstrated conjugated polymers induced formation of metal 
nanoparticle aggregates, which display significantly enhanced two-photon 
excitation efficiency. Two-photon emission of Ag NP and Au NP aggregates 
were found to be enhanced by 51 times and 9 times respectively compared to 
the isolated ones. Origin of the enhancement was ascribed to the formation of 
longitudinal plasmon absorption band at near-IR region. The longitudinal 
plasmon band, on one hand, provides enhanced local electric field; on the other 
hand, it provides an intermediate state for the two-photon absorption processes. 
Both effects will greatly enhance the two-photon excitation efficiency and 
result in significantly enhanced two-photon emission. The aggregation of metal 
nanoparcticles could be induced by other opposoitvely charged polyelectrolytes, 
which could be further extended to promising applications in the quantitative 
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Chapter 3. Band-selective Coupling-induced 
Enhancement of Two-photon Photoluminescence in 
Gold Nanocubes and Its Application as Turn-on 
Fluorescent Probes for Cysteine and Glutathione 
We have demonstrated that cysteine and glutathione induced edge-to-edge 
coupling of Au NCs, which caused a band selective enhancement of two-photon 
photoluminescence. The intensity of X band of photoluminescence of Au NCs 
was found to be enhanced up to 60-fold and 46-fold upon addition of cysteine 
and glutathione respectively, while the intensity of L band remained nearly 
unchanged. This band-selective enhancement behavior is totally different from 
the previously observed aggregation enhanced two-photon photoluminescence 
of spherical metal nanoparticles. The band selective enhancement was ascribed 
to preferential enhancement of the X band emission through resonant coupling 
with longitudinal SPR band of the Au NCs assembly. This phenomenon was 
utilized to develop a new two-photon fluorescence turn-on sensing platform for 
detection of cysteine and glutathione. This method displayed high sensitivity 
and excellent selectivity over the other 19 amino acids. Together with the 
advantage of deep tissue penetration and localized excitation of two-photon 
near-IR excitation, this strategy has promising applications in in-vivo 
bio-sensing and imaging. 
3.1 Introduction 
Noble metal nanoparticles (NPs), such as Au and Ag, display a unique 
optical property known as surface plasmon resonance (SPR), which arises 
from collective oscillation of the conduction band electrons.1-3 The SPR band 
is sensitive to the particle size, shape and dielectric properties of the media 
surrounding the metal nanoparticles.2,4,5 Plasmon coupling of closely spaced 
metal nanoparticles can also lead to a red-shifted SPR peak 6-9 and 
significantly enhanced local electrical field within the gap region.10 The field 
enhancement can amplify both the incoming and outgoing light fields and 
consequently increase the excitation efficiency and radiative decay rates.11 
44 
Interactions between noble metal nanoparticles and chromophores are 
responsible for many interesting phenomena such as surface enhanced Raman 
scattering (SERS), metal enhanced fluorescence, second harmonic generation 
(SHG) and two-photon photoluminescence (TPPL).12-17 These phenomena 
have been widely utilized in various applications such as sensing, imaging and 
optoelectronics.18-20 
As one of 20 most important amino acids encoded by the universal 
genetic code, cysteine plays a crucial role in the physiological processes of 
human body by providing intramolecular cross-linking of protein through 
disulfide bonds to support their secondary structures and functions.21 
Deficiency of cysteine would lead to many diseases such as hematopoiesis 
decrease, leukocyte loss and psoriasis.22 Glutathione is another very important 
thiol species abundant in cells with vital biological functions. It keeps the 
cysteine thiol groups of proteins in the reduced state and protects DNA and 
RNA from oxidation.23 It is therefore important to detect cysteine and 
glutathione in-vivo with high sensitivity. Various methods, including 
fluorescent dyes based fluorometry,24 electrochemical voltammetry,22 and 
fluorescence-coupled HPLC techniques,25 have been developed for detection 
of cysteine and glutathione. Cysteine and glutathione molecules were found to 
induce particle aggregation of metal nanoparticles, resulting in red-shift of 
their SPR bands.6-8 This phenomenon has been utilized to develop colorimetric 
assays for detection of cysteine and glutathione. The colorimetric methods 
generally gave limited sensitivity with limit of detection (LOD) of ≥5M.7,8 
Emission methods usually offer higher sensitivity compared to the 
colorimetric methods. However, noble metal nanoparticles generally display 
low emission quantum yields.26 Two mechanisms were proposed to account for 
the photoluminescence in Au nanostructures: interband transition and 
plasmonic emission. The interband emission originates from the recombination 
of sp band electrons with d band holes, which preferentially occurs near the L 
and X symmetry points of the Brillouin zone of fcc gold crystal structure and 
gives emission bands at 510 and 630 nm, respectively.27,28 The plasmonic 
emission arises from direct radiative relaxation of surface plasmon. The 
resultant emission spectra closely resemble their extinction spectra.29,30 Both 
45 
emission processes can be significantly affected by the local field enhancement 
of the metal NPs. Recently we found that aggregation induced plasmon 
coupling can cause significantly enhanced two-photon photoluminescence of 
metal nanoparticles by up to 50-fold.16 The plasmon coupling induced TPPL 
enhancement has been further utilized to develop a new sensing platform for 
Hg2+ detection with significantly improved sensitivity and selectivity compared 
to the colorimetric approach.31 Compared to silver (Ag) nanoparticles, gold (Au) 
nanoparticles are known to display better biocompatibility.18,19 We have 
recently demonstrated that coupled Au nanoparticles displayed comparable 
two-photon photoluminescence enhancement to that of Ag.32 Gold nanocubes 
(Au NCs) have been found to display higher emission quantum efficiency than 
metal nanoparticles of other shapes.33 Here we demonstrated 
cysteine/glutathione can induce TPPL enhancement of Au NCs. Au NCs thus 
can act as a cysteine/glutathione probe. This method displays high sensitivity 
and excellent selectivity over other 19 amino acids. In addition, using near-IR 
light as the excitation source, two-photon excitation possesses the advantages of 
high penetration depth, intrinsically localized excitation, less tissue 
auto-fluorescence, and reduced photo-damage. This new approach has 
promising applications in in-vivo bio-sensing and imaging. 
3.2 Experimental Section 
Materials: Gold (III) chloride trihydrate (HAuCl4
.3H2O, 99.9%), sodium 
borohydride (NaBH4, 98%), L-Alanine (Ala), L-Arginine (Arg), L-Asparagine 
(Asn), L-Aspartic acid (Asp), L-Cysteine (Cys), L-Glutamic acid (Glu), 
L-Glutamine (Gln), L-Glutathione (GSH), Glycine (Gly), L-Histidine (His), 
L-Isoleucine (Ile), L-Leucine (Leu), L-Lysine (Lys), L-Methionine (Met), 
L-Phenylalanine (Phe), L-Proline (Pro), L-Serine (Ser), L-Threonine (Thr), 
L-Tryptophan (Trp), L-Tyrosine (Try), and L-Valine (Val) were purchased 
from Sigma Aldrich. Cetyltrimethylammonium bromide (CTAB) and 
L-(+)-Ascorbic acid (99%) were purchased from Alfa Aesar. All chemicals 
were used as received without further purification. All aqueous solutions are 
prepared in de-ionized (DI) water. 
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3.2.1 Preparation of gold nanocubes (Au NCs) 
Au NCs were prepared by using a previously reported seed mediated 
method.34 The seeds were prepared by sequential addition of HAuCl4 (0.125 
mL, 0.01 M) and freshly prepared ice-cold NaBH4 solution (0.3 mL, 0.01 M) 
into CTAB aqueous solution (3.75 mL, 0.1 M), followed by rapid stirring for 2 
min. The resultant seed solution was kept at room temperature for 1 h prior to 
use. The growth solution was prepared by sequential addition of CTAB (6.4 
mL, 0.1 M), HAuCl4 (0.8 mL, 0.01 M) and ascorbic acid (3.8 mL, 0.1 M) into 
water (32 mL). The seed solution was diluted 10 times in water. 0.02 mL of 
diluted seed solution was then added into the growth solution. The resultant 
solution was mixed by gentle inversion for 10 s and then left overnight 
undisturbed. 
3.2.2 Sample Preparation for Amino Acid Sensing 
The pH of the as-prepared Au NCs was first adjusted to 2.3 by adding proper 
amount of 1.0 M HCl. Proper amounts of 0.1 M cysteine and glutathione stock 
solutions were then added into 2 mL of Au NCs. For other amino acids, 150 
M was added to the Au NCs solution. The samples were incubated at 35oC 
for 10 min before the measurements. 
3.2.3 Instrumentations and Characterizations 
The pH value was measured by using a MP220 pH meter. TEM images of 
nanoparticles were taken by using a Philips CM10 TEM microscope at an 
accelerating voltage of 100 kV. UV-Vis extinction spectra were measured by 
using a SHIMADZU UV-2550 spectrophotometer. One-photon 
photoluminescence was measured by using a 10 mW 405 nm diode laser as the 
excitation source. Two-photon photoluminescence was measured by using a 
mode-locked femtosecond Ti:sapphire oscillator (Tsunami, Spectra Physics) as 
the excitation source. The output laser pulses have a central wavelength at 820 
nm with pulse duration of ~80 fs and repetition rate of 80 MHz. The laser power 
for two-photon excitation before the sample was 100 mW. The laser beam was 
focused onto the sample using a lens with focus length of 3 cm. The emission 
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from the sample was collected at the perpendicular direction of the excitation 
beam to minimize the scattering and directed into a monochromator (Acton, 
Spectra Pro 2300i) coupled CCD (Princeton Instruments, Pixis 100B) using an 
optical fiber. A 450 nm long pass and a 750 nm short pass filter was placed 
before the monochromator for one-photon and two-photon excitation, 
respectively, to minimize the light scattering from the excitation beam.  
3.3 Results and Discussion 
As thiol-containing amino acids, cysteine and glutathione can easily bind 
to the surface of Au nanoparticles. 35,36 In the acidic environment, their carboxyl 
and amino groups are ionized to form a zwitterionic structure (Scheme 3.1). 
The cooperative two-point electrostatic interaction induces the coupling of Ag 
and Au nanoparticles.35,36 
 
Scheme 3.1 Assembly mechanism of Au NCs induced by cysteine/glutathione 
 
The morphology of the prepared Au NCs was confirmed by their TEM 
images (Figure 3.1A). The isolated Au NCs have an average edge length of 40 
nm. Cysteine induced assembly of Au NCs was confirmed by their TEM images 
(Figure 3.1B) and UV-Vis extinction spectra (Figure 3.1C). The extinction 
spectrum of Au NCs solution displayed a characteristic plasmon band peaking 
at 544 nm. Upon addition of cysteine, the intensity of the original SPR band at 
544 nm decreased and a new band appeared at the longer wavelength region. 
This new band is a typical feature of longitudinal plasmon mode along the axis 
of coupled metal nanoparticles. The result is consistent with the previous reports 
and plasmon hybridization model,37-39 indicating formation of Au NCs 
assembly. When more cysteine was added, this new band further red-shifted 
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gradually and its intensity steadily increased, indicating increased chain length. 
Similar effect was also observed by adding glutathione to the Au NC solution 
(see ESI). The coupling of Au NCs can be directly visualized by the TEM 
images (Figure 3.1B). Upon addition of cysteine, Au NCs form chainlike 
structures with a dominant edge-to-edge coupling orientation. It has been 
previously reported that the as-prepared Au NCs were stabilized by a positively 
charged CTAB bi-layer that is less ordered at the curved edges than on the 
smooth surfaces of Au NCs, allowing thiol-containing species to bind 
preferentially to the edge area and form an edge-to-edge particle assembly 
(Scheme 3.1).34,35 





























Figure 3.1 (A, B) TEM images of isolated (A) and coupled Au NCs (B) in the 
presence of 100 μM cysteine. (C) Extinction spectra of Au NCs solution 
(pH=2.3, T=35oC) before and after the addition of cysteine. 
 
The one-photon photoluminescence spectra of isolated and coupled Au 
NCs were measured by using a 405 nm diode laser as the excitation source and 
the results are shown in Figure 2. Two emission peaks at ~510 and ~620 nm 
were clearly observed, implying an emission mechanism of interband transition 
instead of plasmonic emission, as the spectra of plasmonic emission usually 
closely resembling that of SPR. These two peaks were thus assigned to the 
radiative relaxation of the L and X bands, respectively. The emission slightly 
decreased upon the addition of cysteine (Figure 3.2), which is mainly due to the 
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decreasing absorbance at the excitation wavelength (405 nm) upon the assembly 
(Figure 3.1C).40 The subtle change in the shape of emission spectra upon 
addition of cysteine is also related to the change in the extinction spectra. The 
emission at the longer wavelength portion is attenuated by re-absorption more 
than the shorter wavelength portion due to increased extinction at longer 
wavelength of the assembled structures. 


































Figure 3.2 One-photon photoluminescence of Au NCs solution acquired 10 min 
after the addition of cysteine (pH=2.3, T=35 oC, EX=405 nm) 
 































































Figure 3.3 (A) Two-photon photoluminescence of Au NCs solution upon 
addition of cysteine. The excitation power is 100 mW. (B) Power dependence of 
two-photon photoluminescence at 650 nm of Au NCs in the presence of 100 μM 
cysteine. 
 
The two-photon photoluminescence of the isolated and assembled Au NCs 
was measured by using femtosecond laser pulses with a central wavelength at 
820 nm as the excitation source. The results under two-photon excitation 
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(Figure 3.3) are strikingly different from those under one-photon excitation 
(Figure 3.2). Under two-photon excitation, only very weak emission was 
observed in the isolated Au NCs solution (Figure 3.3). Upon addition of 
cysteine, the longer wavelength component (centered at ~650 nm, X band 
emission) was significantly enhanced and steadily increased until [cysteine] 
reached 150 M (Figure 3.3). The emission intensity at 650 nm increased by up 
to 60 times. The X band emission was also significantly enhanced in the 
presence of glutathione with enhancement factor of up to 46 folds (Figure S2.2). 
The shorter wavelength component (centered at ~520 nm, L band) only 
displayed minor enhancement, primarily due to overlapping with the tail of the 
enhanced longer wavelength component (X band, Figure S2.3). The 
two-photon excitation nature of the emission was confirmed by measuring its 
excitation power dependence for the coupled Au NC solution (Figure 3.3B). 
The log-log plot of the emission intensity at 650 nm versus excitation power 
(Figure 3.3B inset) gave a slope of 2.1, confirming that the emission indeed 
























Figure 3.4 Plot of TPPL enhancement of X band emission versus (a) [cysteine] 
and (b) [glutathione]. The inset shows that TPPL enhancement factor is linearly 
proportional to [cysteine] and [glutathione] in low concentration range. 
 
The observed coupling induced TPPL enhancement offers an excellent 
platform for detection of cysteine and glutathione. The enhancement factor of X 
band emission was plotted with respect to [cysteine] and [glutathione], 
respectively (Figure 3.4). The inset shows TPPL enhancement factor is linearly 
proportional to the concentration of cysteine or glutathione in low concentration 
range. The limit of detection (LOD) was estimated to be 0.5M for cysteine and 
1.3M for glutathione, an improved sensitivity compared to the colorimetric 
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method, which gave a LOD of 10 M as reported by Zhong et al. 7 The 
sensitivity is also better than the reported fluorescent dyes based fluometric 
assay (LOD of 5M)24 and comparable to electrochemical voltammetry 
technique(LOD of 1M).22 However, considering the mild toxicity of CTAB 
capped Au NPs41,42 and overall neutral pH environment of human body except 
some special organs such as stomach, the application of this strategy will be 
restricted to some special circumstances. 
This sensing scheme also displays high selectivity for cysteine and 
glutathione. Figure 3.5 showed TPPL spectra after addition of 150 M of 
different common amino acids. The corresponding extinction spectra were 
shown in Figure S2.4. Only cysteine and glutathione displayed significant 
TPPL enhancement, while the other amino acids didn’t show observable 
enhancement. This result indicates that this two-photon photoluminescence 
method has high selectivity in discriminating cysteine and glutathione from 
other amino acids. Other amino acids do not have thiol groups and cannot 
induce the plasmon coupling as evidenced by lack of red-shift in their extinction 
spectra compared to the blank samples (Figures S2.4 and S2.5 in the supporting 
information). Experiments done at a lower concentration (3 M) of amino acids 
(Figure S2.5) indicate that two-photon photoluminescence methods have better 
selectivity compared to the colorimetric methods. 
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Figure 3.5 (A) TPPL spectra and (B) enhancement factor at 650 nm for coupled 
Au NCs in presence of various amino acids. [amino acid]= 150 M. 
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The observed huge TPPL enhancement could be ascribed to two effects. 
First, formation of a chain-like structure in the coupled Au NCs resulted in 
formation of a longitudinal mode in the 650-1000 nm region and consequently 
increased extinction at the excitation wavelength (820 nm). This new 
longitudinal band provides intermediate states to enhance two-photon excitation 
processes. On the other hand, the enhanced local electric field near the 
excitation wavelength also contributes to the enhanced TPPL. The chain-like 
structure and the SPR band of the coupled Au NCs resembles those of Au 
nanorods. Au NRs have longitudinal band in the near-IR region. It has been 
proposed that two-photon excitation of Au nanorods was initiated by the 
sequential absorption of two photons one by one.43,44 The longitudinal band in 
the near-IR range provides intermediate states to foster two-photon absorption 
processes. The strong TPPL of Au nanorods are also due to strong local electric 
field at the excitation wavelength.45 The SPR amplitude at 820 nm (excitation 
wavelength) increased with increasing degree of coupling. The enhanced local 
field therefore gives rise to dramatic TPPL enhancement in the coupled Au NCs 
solution. Furthermore, the plasmon coupling will cause a dynamical charge 
redistribution with concentrated charges at the gap region,15 which could further 
enhance the local-field intensity, especially for the resonators with sharp tip or 
edge directed coupling orientation.30,46,47 In the current work, Au NCs were 
assembled preferentially with sharp edge-to-edge directed coupling orientation, 
which result in a huge enhancement of local field in the gap between the cube 
edges and also contribute to the observed TPPL enhancement. 
 
Figure 3.6 Normalized two-photon photoluminescence of Au NCs solution 
(pH=2.3) in presence of 0, 5 and 150 μM cysteine. 
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In addition to intensity enhancement, it is interesting to note that plasmon 
coupling can also modulate spectral shape of TPPL of Au NCs. The TPPL 
spectral shape of Au NCs was found to be strongly dependent on the extent of 
coupling. The isolated and assembled Au NCs displayed totally different TPPL 
spectra (Figure 3.6). The L and X bands of the TPPL spectra of isolated Au NCs 
have similar amplitudes. Upon addition of cysteine and glutathione, the 
intensity of the X band emission was dramatically enhanced while the intensity 
of L band emission remained nearly unchanged if the tail of X band emission is 
excluded (Figure S2.1). This observation is different from the previous 
observation that the TPPL spectra of isolated and assembled spherical Au and 
Ag nanoparticles remained nearly unchanged.16,31,32 The band selective 
enhancement behavior can be explained as a consequence of preferential 
enhancement of X band emission through coupling with the longitudinal SPR 
mode of coupled particles. It has been reported that radiative transitions of 
fluorophores were strongly coupled with the SPR band of adjacent metal 
NPs.48-51 Consequently the emission was strongly polarized along the 
longitudinal SPR mode of metal NPs.51 Previous single particle studies on Au 
nanorods revealed that emission from X band transition was highly polarized 
along the long axis of the rod while the L band emission didn’t show obvious 
polarization feature.43,52 The longitudinal SPR band of the coupled Au NC 
chains will be excited by the 820 nm fs laser pulses. The preferential coupling 
between the longitudinal plasmon with longer wavelength X band transitions 
gives rise to a band selective enhancement behavior. 
3.4 Conclusion 
We have demonstrated edge-to-edge coupling of Au NCs induced by 
cysteine and glutathione, which caused a band selective enhancement of 
two-photon photoluminescence. The X band of TPPL of Au NCs was found to 
be enhanced up to 60-fold and 46-fold upon addition of cysteine and 
glutathione, respectively, while the intensity of L band remained nearly 
unchanged. The band selective enhancement was ascribed to preferential 
enhancement of X band emission through resonant coupling with longitudinal 
SPR band of the Au NCs assembly. This phenomenon has been further 
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utilized to develop a new two-photon sensing platform for detection of 
cysteine/glutathione. This method displayed high sensitivity and excellent 
selectivity over the other 19 amino acids. Together with the advantage of deep 
tissue penetration and localized excitation of two-photon near-IR excitation, 
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Chapter 4. Huge Enhancement in Two-Photon 
Photoluminescence of Au Nanoparticle Clusters 
Revealed by Single-Particle Spectroscopy 
 
Aggregated metal nanoparticles have been known to display significantly 
enhanced two-photon photoluminescence (TPPL) compared to non-aggregated 
nanoparticles, which could be utilized to develop platforms for two-photon 
sensing and imaging applications. Here we have conducted single particle 
spectroscopic studies on gold (Au) nanoparticle clusters of different sizes to 
understand the enhancement mechanisms and explore the limit of maximum 
achievable enhancement. Our studies show that the TPPL intensity of Au 
nanoparticle clusters significantly increases from monomer to trimer. The 
averaged intensity of the Au nanosphere dimers and linear trimers is ~7.8×103 
and 7.0×104 times that of Au nanosphere monomers, respectively. A highest 
enhancement of 1.2×105 folds was obtained for the linear trimer. The TPPL 
spectra of these single Au nanosphere clusters closely resemble their 
corresponding scattering spectra, suggesting strong correlation between their 
TPPL with plasmon resonance. The scattering spectra of dimers and linear 
trimers displayed cos2 dependence on the detection polarization while their 
TPPL displayed cos4 dependence on the excitation polarization, which are very 
similar to Au nanorods. These results suggest that two-photon excitation of 
dimer and linear trimer is strongly coupled to their longitudinal plasmon 
resonance modes. These studies help to provide insight on fundamental 
understanding of the enhancement mechanisms as well as development of 
biomedical and photonic applications. 
4.1 Introduction 
Noble metal nanoparticles have been known to display many unique 
optical properties including surface plasmon resonance (SPR).1 The SPR 
frequency can be tuned by controlling the particle size, shape, refractive index 
and the interparticle plasmon coupling.2-5 Plasmon coupling arises when metal 
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nanoparticles come to close proximity, resulting in red-shifted SPR band and 
dramatically enhanced local electric field within the gap of coupled 
nanoparticles.6 The giant local field enhancement would result in significantly 
enhanced optical responses including surface enhanced Raman scattering 
(SERS), second harmonic generation (SHG), metal enhanced fluorescence and 
two-photon photoluminescence (TPPL).7-12 Nonlinear optical responses such as 
TPPL are particularly sensitive to plasmon resonance due to their quadratic 
dependence on the incident intensity. 
Metal nanoparticles of spherical shapes typically display weak TPPL 
because of their relatively small two-photon absorption cross section and low 
emission quantum yield, while anisotropic Au NRs have been known to display 
strong TPPL owing to lightening rod effect.13 Our recent studies showed that 
aggregation of Au and Ag nanoparticles resulted in significantly enhanced 
TPPL with enhancement factor of up to 100 times.11,14-16 As many biologically 
important species can induce aggregation of metal nanoparticles, this 
phenomenon could be utilized to develop various platforms for two-photon 
sensing and imaging applications.15,16 Two-photon excitation based 
applications are appealing for various biological applications owing to their 
unique advantages, such as deep penetration into biological tissues and 
3-dimensional confined excitation, which allow in-vivo applications.17-19 
It is important to understand the fundamental mechanisms of aggregation 
induced TPPL enhancement and explore the maximum achievable 
enhancement. As metal nanoparticle aggregates consist of nanoparticle clusters 
of different sizes, the observed enhancement is an averaged effect of these 
different clusters. It is thus essential to investigate their TPPL properties from 
the single particle level. Most of the previous studies on TPPL of coupled metal 
nanostructures involved nanofabrication using electron lithography.10,20-22 One 
key limitation of this method is difficulty in obtaining small particle separation, 
resulting in greatly reduced field enhancement factors.23 Single nanoparticle 
spectroscopy has been widely employed to elucidate the optical properties of 
nanoparticles by correlating the optical responses with their well-defined 
structures and morphologies.24-27 Here in this work we investigated the 
scattering and TPPL spectra of Au nanosphere (NS) monomers, dimers and 
trimers on the single particle level. Our studies show that the TPPL intensity of 
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Au nanoparticle clusters increase significantly from monomer to trimer. The 
averaged intensity of the Au nanosphere dimers and linear trimers is ~7.8×103 
and 7.0×104 times that of the Au nanosphere monomers, respectively. A highest 
enhancement of 1.2×105 fold was obtained for the linear trimer. The detection 
polarization dependence of the scattering spectra and excitation polarization 
dependence of TPPL spectra of these single Au nanosphere clusters have been 
performed to understand the enhancement mechanisms, which are found to 
closely resemble those of Au nanorods. These studies are important for 
fundamental understanding of enhancement mechanisms as well as 
development of various biomedical and photonic applications.  
4.2 Experiment Section 
4.2.1 Sample Preparation.  
Citrate capped Au NSs with diameter of 90 nm were prepared by using a 
previously reported method.28 The pH of the particle solution was first adjusted 
to 2.3 by using HCl before 50 µM of cysteine was added to induce the coupling 
of Au NSs. The resultant solution was diluted by 10 times before drop-casting 
onto a pre-cleaned and marked ITO substrate. The mark allows for later pattern 
matching in the SEM and dark field images to identify dimers and trimers. The 
sample was subsequently dried at 50oC in an oven followed by ultrasonication 
for 1 min in double distilled water to remove the excess cysteine molecules. The 
substrate was then dried under N2 flow before use. 
4.2.2 Instrumentation 
 Extinction spectra of Au NSs solutions were recorded on a SHIMADZU 
UV-2550 spectrophotometer. TEM images were acquired with a Philips CM10 
TEM microscope at accelerating voltage of 100 kV. SEM images were taken 
on a JEOL JSM-6701F Field Emission SEM microscope at 5 kV. 
4.2.3 TPPL Spectra Measurements in Solution  
TPPL spectra were measured by using a Ti:sapphire oscillator (Avesta 
Ti-Saphire TiF-100M) as the excitation source, which gives output of 785 nm 
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laser pulses with pulse duration of 80 fs and repetition rate of 84.5 MHz. The 
laser beam was filtered through a 785/10 nm bandpass filter (Semrock 
LD01-785/10-25) to reduce their interference to the measured emission. The 
sample was excited by a tightly focused laser beam. The emission from the 
sample was collected at a 90o angle to the direction of the excitation beam to 
minimize the scattering. The emission signal was directed into a CCD 
(Princeton Instruments, Pixis 100B) coupled monochromator (Acton, Spectra 
Pro 2300i) with an optical fiber. The visible portion of the emission spectra 
was measured by using two 785nm notch filters (Semrock NF03-785E-25) and 
one multi-photon 750nm short pass filter (Semrock FF01-750/SP-25). The 
near-IR portion of the spectra were measured by using two 785nm notch filters 
and one 808nm long pass filter (Semrock LP02-808RU-25). 
4.2.4 Single Particle Scattering Spectra Measurements 
The dark field scattering spectra of immobilized Au NSs were measured by 
using a home-built dark-field slit imaging system based on an inverted Nikon 
Eclipse Ti optical microscope. A 100 W quartz-tungsten-halogen lamp in 
combination with a Nikon dark field condenser (NA=0.80~0.95) was employed 
as the light source. The scattering signal of the particles collected by a 100× 
NA=0.5~1.25 (NA was set to 0.5) oil immersion objective was sent to a 
monochromator (Acton Spectra Pro 2150i) coupled CCD camera (Andor 
DR-328G-C01-SIL) to measure their spectra. The spectra were calibrated by 
dividing the normalized spectrum of illumination light source of our system. 
The polarized scattering spectra were measured by placing a sheet polarizer in 
the beam path before the detector. 
4.2.5 Single Particle TPPL Measurements 
The 785 nm fs output of the Ti:sapphire oscillator was purified by the 785/10 
nm laser filter and spatially expanded by a 5× beam expander to give a beam 
diameter of approximately 1 cm before entering the microscope. A wave plate 
was placed in the beam path to adjust the laser polarization. The beam was 
reflected by a 50/50 beam splitter into the objective lens (NA=1.25) and focused 
onto the sample with a focal 2 nm2. A piezo stage (PI E-710) 
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movable in three dimensions was employed for the sample positioning and 
imaging scanning. The emission was collected by the same objective lens and 
filtered by the two 785 nm notch filters to suppress the laser scattering and one 
high quality 450 nm long pass filter (Chroma) to remove the SHG signals. The 
photoluminescence was subsequently acquired by the spectr0meter (Princeton 
Instruments) for spectral detection or to a high quantum efficiency photon 
counting avalanche photodiode (APD) (PerkinElmer) together with PicoHarp 
300 for intensity and imaging measurements. The background signals were 
recorded at the positions without nanoparticles and subtracted to obtain the final 
signals. 
4.3 Results and Discussion 
4.3.1 Assembly of Au Nanoparticles 
The prepared Au nanospheres (NSs) are relatively uniform in size and 
shape with an average diameter of 90 nm (see TEM images in Figure S3.1). 
Cysteine was chosen as the molecular linker to assemble these Au nanoparticles. 
Cysteine is an amino acid containing a thiol group that can bind to the surface of 
Au nanoparticles. In the acidic environment, cysteine forms a zwitterionic 
structure and the cooperative two-point electrostatic interactions induce the 
coupling of Au nanoparticles with a gap distance of ~1 nm.29,30  
































































Figure 4.1 Extinction (A) and TPPL (B) spectra of isolated and coupled Au 
nanosphere solution (in the presence of different amounts of cysteine).  
 
Figure 4.1 shows the extinction and TPPL spectra of Au NSs before and 
after addition of different amounts of cysteine. The extinction spectrum of 
un-aggregated Au NSs in water solution displayed a plasmon band peaking at 
554 nm (Figure 4.1A). Upon addition of cysteine, the intensity of the original 
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SPR band at 554 nm decreased and a new band appeared at the longer 
wavelength region. This new band is a typical feature of longitudinal plasmon 
mode along the axis of coupled metal nanoparticles, indicating successful 
assembly of Au nanoparticles, which was further confirmed by their TEM 
images (Figure S3.1B).  
The un-aggregated Au NSs displayed very weak TPPL due to their 
relatively small two-photon absorption cross section and low emission quantum 
yield. The TPPL of Au NSs was found to be significantly enhanced upon 
addition of cysteine. The observed TPPL enhancement can be ascribed to the 
formation of Au NSs assembly.11,14-16 TPPL enhancement upon addition of 
different amounts of cysteine was found to follow the same trend as the change 
in the extinction at the excitation wavelength of 785 nm (Figure S3.2). A 
maximal enhancement of 34.5 folders was obtained in the presence of 120 µM 
cysteine, under which the extinction at 785 nm also reached the maximum. The 
two-photon excitation nature could be verified by nearly quadratic dependence 
of emission intensity to the excitation power densities (a slope of 1.88 was 
obtained from the log-log plot as shown in Figure S3.3).  
The observed TPPL enhancement is an averaged effect of Au NS clusters 
of different sizes. The TEM and SEM images of the coupled Au NSs indicated 
the formation of Au NS clusters of different sizes including dimers, trimers and 
larger clusters. The statistical analysis based on the SEM images indicated that 
15.4% monomer, 13.4% dimers, 16.2% trimers and a significant portion of 
larger clusters were formed in presence of 50 M cysteine. The observed TPPL 
enhancement is an averaged effect of Au NS clusters of different sizes. To better 
understand the underlying enhancement mechanism, it is essential to measure 
the optical properties of individual Au NS clusters of different sizes on the 




























Figure 4.2 Dark field scattering and SEM images of an Au NS dimer. 
 
To conduct the single particle spectroscopic studies, the coupled Au NSs 
solution was transferred onto an ITO substrate (see experimental section for 
details).  A pattern-matching method was employed to correlate the 
nanostructures of the coupled Au nanostructures and their spectra. The SEM 
and dark field images were compared to identify the region where two images 
have exactly the same distributions of the particles (Figure 4.2). Each bright 
spot in the dark field image corresponds to a nanoparticle or cluster in the SEM 
image. Once the correlation was established to identify different nanostructures 
such as monomers, dimers and trimers, their optical properties including 
scattering spectra and TPPL spectra were subsequently characterized.  
 
4.3.2. Scattering Spectra of an Au NS monomer, dimmer and trimer 

































Figure 4.3 SEM images (A) and scattering spectra (B) of Au NS monomer, 
dimer and trimer. 
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The SEM images and scattering spectra of Au NS monomer, dimer and 
linear trimer on an ITO substrate are shown in Figure 4.3. The scattering 
spectra were measured by using a slit-imaging technique.31 The scattering 
spectra of the Au NS monomer displayed a SPR band with maximum at 584 nm 
(Figure 4.3a), which is red-shifted relative to that in solution owing to the effect 
of ITO substrate.32 The SPR band maxima of the dimer and linear trimer were 
found to red-shift to 672 and 750 nm, respectively. In addition, their scattering 
intensities were found to significantly increase from monomer to trimer (Figure 
S3.4). 























































































































































































Figure 4.4 Polarization dependent scattering spectra of Au NS monomer (A, 
B), dimer (C, D) and trimer (E, F). 
 
These results are consistent with the previous experimental observation 
and plasmon hybridization model.33-35 The red-shifted scattering spectra can be 
ascribed to the longitudinal mode along the assembly axis. 
The scattering spectra of Au NS monomer, dimer and linear trimer were 
found to display significantly different polarization dependent behaviors 
(Figure 4.4). The scattering spectra were detected at different polarization 
angles relative to the long axis of the dimer and linear trimer under illumination 
of unpolarized white light. The scattering spectra of the Au NS monomer 
displayed little polarization dependence. The subtle polarization dependence 
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can be largely ascribed to imperfect spherical shape of the Au NS. In contrast, 
the scattering spectra of the Au NS dimer and trimer were found to strongly 
depend on the detection polarization. When the scattering signal was detected 
with polarization along the long axis (q=0o), the scattering spectra of the dimer 
and linear trimer were dominated by their longitudinal modes. However, when 
the scattering signal was detected with polarization perpendicular to the long 
axis (q=90o), the scattering intensities were much weaker; and the scattering 
spectra of the dimer and linear trimer were dominated by their fundamental 
transverse modes, which were slightly blue-shifted compared to that of the Au 
NS monomer. The scattering intensities of the longitudinal modes of both dimer 
and trimer gradually deceased when the polarization changed from parallel to 
perpendicular to the chain axis, following a cos2q function versus the 
polarization angles (Figures 4.4). The cos2q dependence is similar to that of the 
longitudinal mode of Au NRs, confirming its origin from the longitudinal mode 
along the axis of the particle coupling.36 
The formation of new longitudinal band in dimers and linear trimers can be 
explained by the plasmon hybridization theory. The interparticle interactions of 
the coupled metal nanoparticles can be considered analogous to that of the 
molecular hybridization.37 When the particles are coupled, their resonance 
evolved into two orthogonal modes, the red-shifted longitudinal mode and 
blue-shifted transverse mode, similar to formation of the J-aggregates and 
H-aggregates of the molecular excitonic coupling.31,38 
4.3.3. Two-photon Photoluminescence (TPPL) of Au Nanoparticle Clusters 
TPPL spectra of Au nano-clusters were measured by using the 
experimental setup illustrated in Figure S3.5. Femtosecond laser pulses at 785 
nm with pulse duration of 80 fs and repetition rate of 84.5 MHz were used as the 
excitation source. The same objective lens with NA=1.25 was employed to 
focus the incident laser beam and collect the emission signals as well. Two 785 
nm notch filters were placed before the detector to reduce the scattering from 
the excitation beam. Relative higher excitation power was used and one more 
high quality 700 nm short pass filter was used to suppress the scattering from 
excitation laser beam for the measurement of TPPL of Au NS monomers due to 
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its low emission intensity. Dark field scattering spectra were measured before 
and after each TPPL measurements to ensure no photo-thermal induced shape 
transformation during the measurement processes. The two-photon excitation 
nature of the observed emission was confirmed by the quadratic dependence of 
the emission intensity on the excitation power. The log-log plot of the emission 
intensity of the dimer and trimer versus excitation power gives slopes of 1.94 
and 2.15, which confirms that the observed photoluminescence originates from 
absorption of two photons. (see Figure S3.6 in the Supporting Information). 
21,39 




























Figure 4.5 Normalized scattering (blue) and TPPL (red) spectra of Au NS 
monomer, dimer and linear trimer. 
 
Figure 4.5 shows TPPL spectra of Au NS monomer, dimer and linear 
trimer with the excitation polarization parallel to the chain axis. The 
corresponding scattering spectra detected at polarization parallel to the chain 
axis are plotted in the same graph for direct comparison. It can be clearly seen 
that the obtained TPPL spectra of all three nanostructures closely resemble their 
corresponding scattering spectra. When excitation polarization is perpendicular 
to the chain axis, the TPPL spectra of dimers and linear trimers also closely 
overlap with the corresponding scattering spectra detected at the perpendicular 
polarization (Figure S3.7), although the TPPL intensities under perpendicular 
excitation are much weaker compared to the parallel excitation cases. These 
results suggest strong relationship between the observed TPPL and the plasmon 
resonance bands. There are two possible mechanisms for such resemblance: 
plasmonic  emission21,40 and plasmon modulated emission.41,42 These two 
models have been proposed by different research groups and still under active 
debate. The plasmonic emission model assumes that the photoluminescence 
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originates from radiative intraband relaxation of the surface plasmon.21,42 The 
plasmon modulated emission model assumes that photoluminescence originates 
from the interband electron-hole recombination modulated by the surface 
plasmon resonance through the output emission coupling, in which surface 
plasmon resonance selectively amplifies the emission components with 




































































Figure 4.6 Excitation polarization dependent TPPL intensities of monomer (A), 
dimer (B) and linear trimer (C). Insets are two-photon images of the samples 
with excitation polarization parallel (0o) and perpendicular (90o) to their long 
axis to highlight the particles being measured.  
 
The excitation polarization dependence of the TPPL spectra of different 
Au nanoparticle clusters has been further investigated in detail. The TPPL 
intensities of dimer and linear trimer show very different excitation polarization 
dependence from that of monomer. The integrated TPPL intensity of Au 
nanosphere remained nearly unchanged when the excitation polarization varied 
(Figure 4.6A). The lack of polarization dependence of TPPL in Au NS is 
expected due to the isotropic particle shape of the Au NS monomer. In contrast, 
the TPPL intensities of dimmer and linear trimer display strong dependence on 
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the excitation polarization. The TPPL intensity of the dimer and linear trimer 
decreases rapidly when the polarization angle changes from 0 to 90 degree. 
Much weaker emission was observed from the dimer and linear trimer when the 
excitation polarization is perpendicular to the chain axis compared to that of 
parallel polarization. This can be directly visualized from the TPPL images 
shown in the inset of Figure 4.6B and C (more TPPL images are shown in 
Figure S3.8 of the Supporting Information,). The polarization angle dependent 
integrated TPPL intensities can be well fit with a cos4q function. This result is 
similar to the previous reports on the excitation polarization dependent TPPL in 
single Au nanorods,43,44 suggesting that two-photon excitation of dimer and 
trimer is strongly coupled to their longitudinal plasmon resonance modes. 




































Figure 4.7 Relative TPPL emission intensity of Au NS monomers, dimers and 
linear trimers 
 
In addition to the spectral evolution, the TPPL intensities of three Au NS 
cluster structures are significantly different. Figure 4.7 shows the TPPL 
intensities of 5 monomers, 10 dimers and 10 linear trimers. The polarization 
was set parallel to the long axis of the dimers and trimers. To prevent 
undesirable damage to the nanoparticles, different excitation power intensities 
were used to measure the TPPL of Au NS monomers, dimers and trimers. The 
relative TPPL intensities were calibrated by taking into account of the 
difference in excitation intensity. The scattering spectra of the particles were 
measured before and after each measurement to ensure no thermal reshaping of 
the metal nanoparticles.  
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By using the averaged TPPL intensity of 5 monomers as the standard, the 
averaged TPPL intensity of the dimers and linear trimers is ~7.8×103 and 
~7.0×104 times that of the Au NS monomers, respectively. The variation is due 
to slight variation in the size of the metal nanoparticles and coupling between 
them. A highest enhancement of up to 1.2×105 folds was obtained for the linear 
trimer. The observed huge enhancement in TPPL intensity from monomers to 
dimers and linear trimers can be ascribed to a few factors. First, the longitudinal 
mode of dimers and linear trimers lead to increased extinction at the excitation 
wavelength (785 nm), which provides intermediate states to facilitate 
two-photon excitation processes.11,45 This is also supported by the close 
correlation between the TPPL enhancement and extinction at 785 nm in the 
coupled nanoparticles in solution (Figure S3.2). On the other hand, the 
significant local electric field amplification at the excitation wavelength also 
contributes to enhanced two-photon excitation efficiency and consequently 
TPPL intensity. Furthermore, the plasmon coupling will cause a dynamic charge 
redistribution with concentrated charges at the gap region, which could further 
enhance the local-field intensity, especially for the resonators with sharp tip or 
edge directed coupling orientation.10,22 Plasmon resonance may also increase 
the quantum yield of photoluminescence,46-50 which may also contribute to the 
observed TPPL enhancement. We have used ultrafast pump/probe experiments 
to measure the lifetime of the emitting state of un-aggregated and aggregated 
nanoparticles in solutions. Nearly identical excited state lifetimes were obtained 
for un-aggregated and aggregated nanoparticles (see Figure S3.9 in the 
Supporting Information), suggesting minor contribution from the change in the 
quantum yield of their photoluminescence, which is consistent with our 
previous observation in coupled Au nanocubes.16 
    It needs to be noted that the interparticle distance and coupling angle have 
strong influence on TPPL of these Au nanoclusters. The field enhancement in 
the coupled nanostructure has been known to be very sensitive to the gap 
distance.51 TPPL is expected to be more sensitive to the gap distance due to its 
higher-order power dependence on the field enhancement. In the current study 
the nanoparticles were coupled by the zwitterionic interaction of two cysteine 
molecules and the gap distance was fixed to be ~1 nm. The short distance 
ensures strong plasmon coupling and consequently significantly enhanced 
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TPPL. We have also investigated coupling angle effect of TPPL of trimer 
clusters. TPPL of timers is strongly dependent on the coupling angle (see Figure 
S10 in the Supporting Information). The trimer with coupling angle of 180 
degree (the linear trimer) was found to display the largest TPPL intensity, which 
decreases rapidly as the coupling angle decreases. 
4.4 Conclusion 
By conducting single particle scattering and TPPL studies on small Au NS 
clusters, we have shown that the TPPL spectra of single Au NS monomers, 
dimers and linear trimers are coincident with their corresponding scattering 
spectra, suggesting strong correlation between their TPPL and plasmon 
resonance modes. The scattering and TPPL spectra of dimers and linear trimers 
display close resemblance to those of Au nanorods, displaying cos2 polarization 
dependent scattering spectra and cos4 dependence of TPPL intensities on the 
excitation polarization. These results suggest that two-photon excitation of 
dimer and linear trimer is strongly coupled to their longitudinal plasmon 
resonance modes. Most importantly, the TPPL intensity of Au NS clusters 
increase significantly from monomers to trimers. The averaged TPPL intensity 
of the dimers and linear trimers is ~7.8×103 and 7.0×104 times that of the Au NS 
monomer. A highest enhancement of up to 1.2×105 folds was obtained in the 
linear trimer. As many biologically molecules/species can induce the coupling 
of Au nanoparticles and result in significantly enhanced TPPL. Coupling 
enhanced TPPL could be utilized to develop schemes for sensitive two-photon 
sensing and imaging applications to benefit from the unique advantages of 
two-photon excitation. These studies are important for both fundamental 
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Chapter 5. Enhanced Two-Photon White Light 
Continuum and Electric Conductivity in Annealed Au 
NP Ink Film and Its Application for the Nanoscale Data 
Recording and Electronic Devices Fabrication 
We report strong two-photon white light continuum (TPWLC) in thermally 
annealed Au nanopartilce ink films. The 3350-fold TPWLC enhancement was 
ascribed to the enhanced both excitation efficiency and emission quantum yield 
of the annealed film induced by strong plasmonic coupling. The annealing 
could also be achieved by the photothermal effect of tightly focused high power 
continuous wave laser and femtosend (fs) pulses. The localized excitation 
volume of the fs pulse two-photon absorption allowed us to record information 
by selectively sintering the surface layer of the ink film on flexible plastic 
substrate with nanoscale resolution. The fabricated patterns showed strong 
TPWLC, which was mapped out by the two-photon scanning microscope under 
low laser power. In addition, due to the conductive contact of the nearby 
particles after laser annealing, the films were highly conductive (~4.5 ×106 
S•m-1). Together with the high linear transmittance of the NIR light, this 
two-photon photothermal annealing could be potentially used in the nanoscale 
3D data recording/read and electronic devices fabrication. 
 
5.1 Introduction 
The noble metal nanoparticles (NPs) have long been a research hot topic due to 
their unique optical property induced by surface plasmon resonance (SPR).1 
Arising from the collective oscillation of the free electrons, SPR could greatly 
amplify the electric field strength nearby the particles.2,3 The field enhancement 
effect could be further amplified in the closely spaced plasmonic structures, 
known as plasmon coupling.4 The plasmon coupling occurs via the collective 
oscillation of surface plasmon on adjacent NPs, resulting in red-shifted SPR 
wavelength and greatly enhanced local electrical field within the gap.5 The field 
enhancement is capable of significantly enhancing both the incoming and 
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outgoing light field.6,7 Therefore, the plasmon coupling has been widely utilized 
to amplify various optical properties,8-10 showing great application potentials in 
the chemical sensing, bioimaging and optoelectronic devices.11-13 
    Metal nanoparticles are generally known as poor photon emitters because of 
low emission quantum efficiency.14,15 However they were believed to show 
strong photoluminescence by two-photon excitation, especially in the coupled 
nano structures.16-18 Our group has reported up to 105 folders enhancement of 
two-photon photoluminescence in the strongly coupled Au NSs,19 which have 
been demonstrated as a novel chemical sensing approach.20 Here in this work 
we observed strong coupling in thermally annealed Au NP ink film, which 
resulted in greatly enhanced two-photon white light continuum (TPWLC). The 
enhancement was ascribed to the enhanced absorption efficiency and emission 
quantum yield. The annealing could also be performed by the photothermal 
effect of the tightly focused 800nm fs pulse lasers. The highly localized 
two-photon excitation allowed us to fabricate the desired patterns on flexible 
plastic films with a line width comparable to that annealed by 532nm CW lasers. 
Consequently the pattern could be mapped out by using the two-photon 
scanning imaging with high S/N ratio. In addition to emission enhancement, the 
annealed line was found to be highly conductive with a conductivity of up to 
~4.5 ×106 MS•m-1. This strategy can be potentially applied in the 3D nanoscale 
data storage and electronic devices fabrication. 
5.2 Experimental Section 
5.2.1 Materials 
Gold (III) chloride trihydrate (HAuCl4•3H2O, 99.9%), Oleylamine, and toluene 
were purchased from Aldrich. All chemicals were used directly without any 
further purification.  
5.2.2 Preparation of Au Nanoparticles Ink Films 
The oleylamine capped Au nanoparticles were synthesized using the reported 
method. Briefly, 231.8 mg HAuCl4•3H2O was first dissolved in 2 mL of 
oleylamine and 50 mL of toluene in a round bottom flask. Then 10 mL of 10 
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mg/mL freshly prepared NaBH4 solution was injected under vigorous stirring. 
The solution immediately changed color from colorless to dark red. The 
mixture was kept stirring for another 5 min for full reaction. The nanoparticle 
containing organic layer was then separated from the aqueous phase using a 
separating funnel. After filtration to remove the undissolved impurities, the 
nanoparticles were further purified by series of procedures. Firstly, the toluene 
was removed by using rotavapour. Then 100 mL of methanol was added into 
the remaining mixture to precipitate out the nanoparticles followed by 
centrifugation at 5000rpm for 15min. The remaining uncapped oleylamine and 
other impurities were then washed off by removing the liquid supernatant. After 
drying at temperature for 10 min, the nanoparticle precipitate was redissolved in 
toluene followed by sonication and filteration to remove aggregated impurities 
again. The purified Au NP ink was then spin coated or drop casted onto both 
glass and PET substrates.  
5.2.3 Instrumentation 
Extinction spectra of the Au NSs solutions were recorded on a SHIMADZU 
UV-2550 spectrophotometer. TEM images were acquired with a Philips CM10 
TEM microscope at accelerating voltage of 100 kV. AFM images were taken 
using a NanoMan Atomic Force Microscopy. The Avesta Ti-Saphire TiF-100M 
Ti:sapphire oscillator was employed as the excitation source of TPPL, which 
gives output of 820nm laser pulses with pulse duration of 80 fs and repetition 
rate of 84.5 MHz. The emission was acquired by a CCD (Princeton Instruments, 
Pixis 100B) coupled monochromator (Acton, Spectra Pro 2300i) with an optical 
fiber. The conductivity was probed by 4 probe conductivity measurement. 
5.2.4 Photothermal Laser Micro-sintering 
The laser beam was spatially expanded by a 5× beam expander to give a beam 
diameter of approximately 1 cm before entering a Nikon Eclipse Ti inverted 
microscope. The beam was reflected by a dichroic beam splitter into a 100× 
NA=1.25 oil immersion objective and focused onto the sample to a diffraction 
limit spot, leading to the focus diameter of 519 nm and 800 nm for the 532 nm 
and 820 nm laser beams, respectively. A X-Y piezo stage (PI E-710) and an 
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optical shutter were synchronized by LabView program for the photo-thermal 
sintering with desired micro structure. 
5.2.5 Dark Field Scattering Spectra Measurement 
The dark field scattering spectra of the sintered micro-structure were measured 
by using a home-built slit imaging technique based on reflective dark field 
microscope. A quasi collimated white light from a 100 W 
quartz-tungsten-halogen lamp was reflected by a dark field ring mirror cube 
into a 50× dark field objective (Olympus NA=0.9). The scattering signal of the 
samples collected by the same objective was sent to a monochromator (Acton 
Spectra Pro 2150i) coupled CCD camera (Andor DR-328G-C01-SIL) to 
measure their spectra. The spectra were calibrated by dividing the normalized 
spectrum of illumination light source of our system. 
5.2.6 PL Spectra and Imaging Measurement 
A spatially expanded 488nm CW laser beam was purified by a 488 nm laser 
line filter as the one-photon excitation source. For the two-photon excitation, 
785nm fs laser pulses were filtered by a 785/10nm band pass filter followed 
by spatial expansion to 1cm before entering the Nikon Eclipse Ti microscope. 
The excitation power density after focused by the NA 1.25 Nikon objective 
was smaller than 50 KW.cm-2 for both the one-photon and two-photon 
excitation, to ensure no photothermal annealing to the film. The emission was 
then collected by the same objective and filtered by a 514nm long pass filter or 
two 785nm notch filters respectively before directed into Princeton 
spectrofluorometer for the spectral investigation. All spectra were background 
corrected by subtracting the signal from the clean substrates. For the TPPL 
imaging readout, one more 750nm short pass filter was used in addition to the 
notch filter pair to minimize the laser scattering before detected by a single 
photon counting avalanche photodiode (MPD PDM series). The imaging was 
then mapped out by synchronized scanning piezo stage and the detected TPPL 
signal by using PicoQuant 300.  
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Figure 5.1 (A) UV-vis extinction spectra and (B) AFM images of Au ink film 
annealed at different temperature 
 
The as prepared oleylamine capped metal NPs are quasi spherical shape 
with mean diameter of 5 nm, which were used as the precursor of the ink film 
(Appendices Fig. S4.1). The conditions were controlled to ensure the same 
coating thickness based on the UV-vis extinction spectra. The films on glass 
substrates were then heated at different temperatures for 5 min each. The 
samples gradually changed color upon thermal annealing as evidenced by their 
extinction spectra. The original Au NP film shows an extinction peak at 523 nm, 
similar to that of ink solution. With increasing the heating temperature, the film 
shows redshifted SPR wavelength and increased extinction at NIR. This result 
strongly indicates the interparticle plasmon coupling induced by thermal 
annealing. The coupling could also be evidenced by AFM images. As shown in 
Figure 5.1B, the original film is very smooth owing to small particle size. The 
oleylamine capping agent functions as the interparticle spacer to prevent the 
particle coupling at room temperature. Under thermal treatment the NPs melt, 
resulting in growing particle size and reduced interparticle separation, which 
then induces strong plasmon coupling, until they formed bulk like morphology 
under 400 oC treatment. By using the differential scanning colorimetric analysis, 
we observed the particle melting at 240oC~380oC.( Appendices Fig. S4.2) The 
melting temperature is significantly reduced compared to the bulk material due 
to thermal dynamic size effect of the Au NPs.21 The broad melting range was 
believed to be due to the nonuniform particle size distribution. 
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Figure 5.2 Photoluminescence of thermally annealed films excited by (A) 
785nm femtosecond pulses and (B) 488nm CW laser 
 
The annealed films displayed strong white light continuum (WLC) when 
excited by 785nm fs laser. The emission spanned all the visible range and 
extended to NIR region. The visible emission could be attributed to the 
interband two-photon photoluminescence based on its quadratic dependence to 
the incident laser power (Appendices Fig. S4.3). On the contrast, the NIR PL 
scaled linearly with the excitation intensity, suggesting a different mechanism 
than the visible emission. Instead of interband transition, the linear excitation 
power dependence of the NIR PL strongly indicates an intraband process, since 
a d hole cannot be created through single photon absorption at 785 nm. This 
linear excitation nature can be further emphasized by the distinct spectral shape 
of the same annealed film excited by 785nm continuous wave (CW) laser 
(Appendices Fig. S4.4). The CW excitation strongly favours the NIR PL with 
only a small up-conversion emission tail.  
The two-photon white light continuum (TPWLC) intensity was greatly 
enhanced by increasing the annealing temperature. A maximal enhancement of 
3350 times was obtained concomitant with the strong plasmon coupling after 
330oC thermal treatment. Further increasing the temperature, the TPWLC 
intensity gradually decreased. After thermal annealing at 400 oC, the film 
transformed to bulk like morphology and the emission was significantly 
quenched. The results strongly indicate the crucial role of the coupling effect to 
the observed emission enhancement. The plasmon coupling in the annealed 
films significantly amplified the intensity of 785nm photons adjacent to the 
particles, as verified by its extinction spectra. The two-photon excitation 
efficiency by 785nm fs pulses was thus hugely enhanced owing to its quadratic 
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excitation power dependence. In addition to the excitation enhancement, the 
coupling effect was also found to enhance the emission quantum yield, which 
could be confirmed by the significantly enhanced PL intensity under 
one-photon excitation. In order to span the band gap energy of Au, a 488nm CW 
laser was employed to excite the annealed films. The resulting PL showed 
23-fold enhancement in the film annealed at 330oC. Based on the UV-vis 
extinction spectra, the absorption at 488 nm slightly decreased with increasing 
the annealing temperature. Thus the emission enhancement can only be caused 
by the enhanced quantum efficiency of at least one order. The emission 
quantum yield was believed to be enhanced by Purcell effect, which is capable 
of enhancing the emission transition dipole moment of the nearby fluorophores 
at the resonance frequency of the plasmonic NPs.22,23 The huge enhancement 
could therefore be attributed to the collective effect of both enhanced excitation 
efficiency and emission quantum yield by the local field enhancement. 
























































































Figure 5.3 (A) Dark field scattering and (C) two-photon imaging of the 
fabricated pattern; The corresponding (B) dark field scattering and (D) 
two-photon white light continuum generation of position a and b 
 
The plasmonic metal NPs are known to possess large light absorption cross 
section.24 The absorbed photons could subsequently be effectively converted 
into thermal energy owing to low emission quantum yield. This unique 
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photothermal effect allowed us to sinter the NP ink film by using tightly focused 
laser beam in microscope (Figure S4). To obtain the highest heating efficiency, 
a 532 nm continuous wave laser close to the SPR maximum was employed as 
the excitation source. The laser beam was focused by a high NA (1.25 oil) 
objective onto the ink film to a focal point of 519 nm in diameter. The 
irradiated particles started to melt beyond the threshold power of 1.77 
MW•cm-2. The film was placed onto a piezo stage synchronized with a beam 
shutter using LabView, allowing us to fabricate the sample with desired 
pattern by the diffraction limited laser focus. As shown in the resulting AFM 
image, a deep groove was observed on the flat film with a line width of 670nm 
(Appendices Fig. S4.5). The line is slightly broadened compared to focal spot, 
probably due to thermal diffusion of the film. The deepened morphology 
should be caused by the shrinkage and solidation of film matrix after thermal 
annealing. 
The as fabricated “NUS” pattern showed strong white light scattering, 
which could be directly visualized by the dark field imaging (figure 3a). By 
using slit-imaging technique, we are able to quantitatively analyse the 
scattering spectra. As shown in Figure 3b, the annealed position showed 
enhanced and redshifted white light scattering, indicating increased particle 
size and strong interparticle plasmon coupling. Similar to that in the thermally 
annealed films by oven, the coupling gave rise to strong two-photon white 
light continuum generation, allowing us to map the recorded image with high 
contrast by using the two-photon scanning microscope. The resolution of the 
recorded images was detected to be ~500 nm wide, even much narrower then 
the line width of annealed groove. The significant advance in resolution 
enhancement can be explained as follows. The particles in the center of groove 
showed strongest interparticle coupling with significantly reduced coupling 
degree at the edges, due to the Gaussian power distribution of heating laser 
spot. The differential can be amplified by the nonlinear dependence of 
TPWLC intensity to the coupling degree, leading to narrowed line width in the 
two-photon imaging to the width of the annealed groove. The two-photon 
photoluminescence of Au nanorods has been demonstrated as a 5 dimensional 
data storage platform.25 However, the strategy was based on the PL turn-off 
mode by the photothermal transformation of the nanorods, leading to reduced 
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resolution and poor imaging contrast compared to our method. This writing and 
reading approach can be applied to optical patterning, encryption and data 


























































































Figure 5.4 (A) Demonstration of ink film on PET substrate (B) two-photon 
white light continuum (inset shows the emission enhancement factor with 
respect to incident laser power) (C) two-photon imaging of the fs pulse 
micro-fabricated pattern on PET substrate (D) electric conductivity of fs pulse 
fabricated micro circuit measured by 4 probe configuration (inset shows the 
microscope image of the micro circuit) 
 
It was found that the photothermal annealing could also be achieved by 
using 820 nm fs pulses with a power threshold of 0.45 MW•cm-2. The as 
annealed structure showed slightly broadened line width (710nm) compared to 
that fabricated by 532 nm (Appendices Fig. S4.6). However it is significantly 
narrower than the laser focus size. This merit was originated from the I2 
dependence of the two-photon excitation.26 As shown in Figure S4.7 
(appendices), after the NA 1.25 objective the incident beam focus has a 
Gaussian intensity distribution with 800 nm diameter in paraxial direction. 
However, due to its quadratic dependence to the excitation power, the 
effective two-photon excitation volume scaled as the square of this intensity 
profile, giving an effective width of 566 nm, which will function as the 
two-photon laser heating spot. Additionally, it may also be benefited from the 
84 
reduced thermal diffusion of the NPs by fs laser excitation. It was reported that 
thermal energy in Au NPs can fast dissipate into the matrix medium (10ps for 
4nm Au NPs in aqueous solution).27 However under ultrafast pulse excitation 
where the pulse duration is significantly smaller than the NP heat diffusion 
constant, the heat can be accumulated within the irradiated particles, leading to 
enhanced heating efficiency and reduced heat diffusion. This effect could be 
further emphasized by the high annealing threshold power (2.7 MW•cm-2) and 
significantly broadened line width (1.6 µm as shown in appendix) when 
fabricated by 820nm CW laser. 
The strongly localized excitation volume of the fs laser enables us to make 
the pattern on flexible PET plastic substrates by only heating the surface layer 
of the ink film (Figure 4a). The annealing degree can be controlled by the 
power density of the incident laser. As shown in the AFM images 
(Appendices Fig. S4.9), the particles grew bigger with strong interparticle 
coupling with increasing the laser power at low power range. Under high 
power laser irradiation, the particles were over heated. The film became rather 
smooth after laser sintering at MW•cm-2, showing the bulk like morphology. 
The plasmon coupling in the laser sintered films could be verified by the 
enhanced and redshifted plasmon resonance using dark field scattering 
spectroscopy (Appendices Fig. S4.10). As a consequence, the local field 
enhancement in the coupled plasmonic film gave rise to strong two-photon 
white light continuum just as observed in the film sintered by 532nm CW laser 
on glass substrate. The bright photoluminescence allowed us to read out the 
recorded information on the flexible substrates using two-photon scanning 
microscope. The TPWLC increased with increasing the coupling degree and 
was greatly quenched in the bulk like ink film, similar to that annealed at 
400oC in oven. The quenching could be ascribed to the reduced field 
enhancement in the smooth bulk like film. The direct conductive contact of the 
particles resulted in reduced interparticle hot spots, hence weakened field 
enhancement effect. 
This conductive contact can be directly evidenced by using 4-probe 
conductivity measurement. The original ink film was a good insulator with a 
conductivity of 2.5 mS•m-1. The oleylmaine molecules function as an 
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insulating spacer between the metal NPs. Once the particles melt upon laser 
sintering, this spacer was removed. The direct contact of the metal NPs leads 
to hugely enhanced conductance, as demonstrated in the micro-fabricated 
circuit in Figure 5.4D. The conductivity increased significantly with 
increasing the incident laser power. When the power density reached 7.5 
MW•cm-2, 9 orders of magnitude enhancement was attained with a 
conductivity of 4.5 MS•m-1in the 720nm wide line conductor. This value is 
only 9 folds lower than that of bulk Au. Further increasing the laser power, the 
conductivity became constant due to the thorough thermal transition. This 
strategy can be directly applied as a nanoscale flexible electronics fabrication 
technique. 
5.4 Conclusion 
In conclusion, we have shown strong two-photon white light continuum in 
the thermally annealed metal NP ink films. The emission enhanced was 
attributed to the greatly enhanced two-photon excitation efficiency and 
enhanced emission quantum yield in the annealed films. The annealing could 
also be achieved by the photothermal effect of the particles induced by both 
532nm CW laser and 820nm fs pulses, respectively. Strongly localized fs pulses 
excitation volume enables the nanoscale fabrication of the film with desired 
pattern on flexible substrate. The recorded image could then be read out by 
using the two-photon scanning microscope with ultrahigh signal to noise ratio. 
In addition, the annealed line showed high conductivity. Due to high linear 
transmittance and localized excitation volume of the 820nm fs laser pulses, this 
technique can be potentially applied in the 3D nanoscale data recording and 
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Chapter 6.  Conclusions and Perspectives 
In previous chapters we have systematically presented our research on the 
enhanced two-photon photoluminescence in the coupled plasmonic 
nanoparticles, featuring as the key line of this dissertation. The effect was 
studied fundamentally in both the ensemble and single particle levels by using 
various advanced optical techniques. Its potential applications in the biosensing 
and optoelectronic devices were also demonstrated. Here in this chapter, we’re 
going to review the main results and conclude the theis followed by a short 
perspective of the future work. 
 
6.1 Thesis conclusion 
   The strong local field enhancement was the prerequisite for the strong 
two-photon luminescence (TPPL) in coupled plasmonic NPs. In chapter 2 we 
assembled the negatively charged metal NPs by positively conjugated polymers 
PFP. The coupled NPs showed greatly enhanced TPPL intensity with an 
enhancement factor of 51 folds and 9 folds for the 37nm Ag NPs and 13nm Au 
NPs, respectively. On contrast, the emission of the PFP molecules were 
significantly quenched by the metal NPs with 9–10 orders of magnitude higher 
efficiency than typical small molecule dye–quencher pairs.  
In chapter 3, We have found that cysteine induced edge-to-edge coupling 
of Au NCs, which caused a band selective enhancement of two-photon 
photoluminescence. The intensity of X band of photoluminescence of Au NCs 
was found to be enhanced up to 60-fold upon addition of cysteine, while the 
intensity of L band remained nearly unchanged. The band selective 
enhancement was ascribed to preferential enhancement of the X band emission 
through resonant coupling with longitudinal SPR band of the Au NCs assembly. 
This phenomenon was then demonstrated a new two-photon fluorescence 
turn-on sensing platform for detection of cysteine molecules with high 
sensitivity and selectivity. 
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In chapter 4, we studied the plasmon coupling enhanced TPPL of 
plasmonic NPs in the single particle level. Our studies show that the TPPL 
intensity of Au nanoparticle clusters significantly increases from monomer to 
trimer. The averaged intensity of the Au nanosphere dimers and linear trimers is 
~7.8×103 and 7.0×104 times that of Au nanosphere monomers, respectively. A 
highest enhancement of 1.2×105 folds was obtained for the linear trimer. The 
TPPL spectra of these single Au nanosphere clusters closely resemble their 
corresponding scattering spectra, suggesting strong correlation between their 
TPPL with plasmon resonance. The scattering spectra of dimers and linear 
trimers displayed cos2 dependence on the detection polarization while their 
TPPL displayed cos4 dependence on the excitation polarization, which are very 
similar to Au nanorods. These results suggest that two-photon excitation of 
dimer and linear trimer is strongly coupled to their longitudinal plasmon 
resonance modes. These studies help to provide insight on fundamental 
understanding of the enhancement mechanisms. 
Then in chapter 5, We observed strong two-photon white light continuum 
(TPWLC) in thermally annealed Au nanopartilce ink films. The 3350-fold 
TPWLC enhancement was ascribed to the enhanced both excitation efficiency 
and emission quantum yield of the annealed film induced by strong plasmonic 
coupling. The annealing could also be achieved by the photothermal effect of 
tightly focused high power continuous wave laser and femtosend (fs) pulses. 
The localized excitation volume of the fs pulse two-photon absorption allowed 
us to record information by selectively sintering the surface layer of the ink film 
on flexible plastic substrate with nanoscale resolution. The fabricated patterns 
showed strong TPWLC, which was mapped out by the two-photon scanning 
microscope under low laser power. In addition, due to the conductive contact of 
the nearby particles after laser annealing, the films were highly conductive 
(~4.5 ×106 S•m-1). Together with the high linear transmittance of the NIR light, 
this two-photon photothermal annealing could be potentially used in the 
nanoscale 3D data recording/read and electronic devices fabrication. 
90 
6.2 Perspectives  
Owing to its 3D localized excitation volume and deep tissue penetration 
depth, the two-photon imaging serves as a powerful tool for the in-vivo 
bioimaging and photo therapy. It is therefore of great significance if we can 
demonstrate this plasmon coupling induced two-photon photoluminescence in 
the in-vivo cancer cell imaging. Moreover, the as excited nanoparticles can 
kill the cancer cells simultaneously via photothermal effect.  
In addition, there still some fundamental photo physical issues waiting 
to be addressed in this coupling enhanced TPPL phenomenon. For instance 
even though we could ascribe the enhancement to be the collective effect of 
enhanced absorption and emission quantum yield, till now there is still no 
report could separately quantify the contribution of these two factors due to 
the extremely low emission quantum efficiency. The photothermal imaging is 
one of the promising techniques to solve this problem, which is still under 





1. Supporting Information for Chapter 2 
1.1One photon fluorescence quenching of PFP by Au nanoparticles 
The PFP fluorescence can also be quenched by addition of 13-nm gold 
nanoparticles. (Figure S1). At low concentration of Au NPs, the fluorescence 
quenching follows the Stern-Volmer relationship, with Ksv=1.98×10
9 M-1. At 
high concentration of AgNPs, 0/ versus quencher concentration is nonlinear. 

































































Figure S1.1 (A) One photon excitation fluorescence spectra of PFP (2.5 M in 
repeat units) in the presence of different AuNPs concentrations (0, 0.15, 0.3, 0.6, 
1.2, 2.0 and 4.3 nM) (a-g) (B) Plot of PFP fluorescence quenching versus 
concentration of Au NPs The inset is the linear dependence in the low quencher 
concentration regime. 
 
The quenching efficiency by 37-Ag NPs is ~19 times more efficient than 
13-nm Au NPs, which is probably due to better spectral overlap between PFP 
and Ag NPs compared to that between PFP and Au NPs (Figure S2) 
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Figure S1.2 Normalized emission spectra of PFP and extinction spectra of Au 
NPs and Ag NPs. 


































Figure S1.3 (a) two-photon excitation photoluminescence of PFP (2.5 M) in 
presence of Au NPs with concentrations of 0, 0.15, 0.3, 0.6, 1.2, 2.0 and 4.3 nM 
(a-g). 
 
The two photon excitation photoluminescence (TPL) spectra of PFP in 
presence of Au NPs are also quite different from those under one-photon 
excitation. The PFP TPL was observed to be increase a little bit at low Au NPs 
concentration regime then gradually quenched with increasing Au NPs 
concentration. The initial slight enhancement might be due to Plasmon 
enhanced two-photon excitation efficiency of the conjugated polymers by the 
nearby coupled Au NPs. Similar to the Ag NPs/PFP complex, a new emission 
band at 500~700 nm appeared upon gradual addition of Au NPs. The intensity 
of this new emission band will first increases as the concentration of Au NPs 
increases, and finally decreases at high concentrations of PFP.  
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Figure S1.4 (a) shows the two-photon emission of Au NPs upon gradual 
addition of PFP. The two-photon emission of Au NPs was enhanced by 9 times 
at 600nm when 0.25 M PFP was added. Furtehr addition of conjuagted 
polymers cause a decrease in the TPL intensity, which might be due to a 
complicated comptetion between the quenching effects due to energy transfer 
and plasmon resonance enhancement. The detail mechanisms are still under 
further investigtaion. 































































Figure S1.4 (A) Two-photon emission and (B) corresponding extinction 
spectra of AuNPs (4.3 nM) in presence of PFP with concentrations of 0, 0.25, 
0.5, 1.25, 2.5, 3.75, 5.0 M (a-g). 
 
The formation of aggegation effect is confirmed by TEM images and 
UV-Vis extinction spectra. Au nanochains were formed when low 
concentration of PFP was added. When 2.5 M PFP was added into 4.3 nM 
AuNPs solution, many nanoparticles were aggregated into one cluster, which 
might be responsible for the observed decrease of two-photon 
photo-luminescence of Au NPs at high PFP concentrations. 
A B C
Figure S1.5TEM images of Au NPs in the absence of PFP (A) and 4.3 nM Au 
NPs in the presence of 0.5 M (B) and 2.5 M of PFP (C). 
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The two-photon excitation nature of the emission was confirmed by the 
power dependence of the emission was measured for the sample with 4.3 nM 
Au NPs and 2.5 M PFP). The semi-log plot of the emission intensity versus 
laser power gives a slope of 1.82, confirming that the emission arises from 
two-photon excitation. 















































Figure S1.6 Power dependence of the emission of Au NPs/PFP complex (4.3 
nM Au NPs and 2.5 M PFP) under excitation of 800 nm fs laser pusles. 
 
1.2 Preparation of Au nanoparticles: 
Gold nanoparticles were prepared by the citrate reduction of HAuCl4. 10 
mL of a 38.8 mM sodium citrate solution was quickly injected into 100 mL of 
1mM boiling HAuCl4 in a 250mL round-bottomed flask under vigorous stirring. 
The solution quickly changed color from pale yellow to dark red. The solution 
was continuously heated at ∼100 °C for 10 min and was then kept stirring for 
another 15 min while cooling. The obtained Au nanoparticles have an average 
particle size of 13 nm with extinction band maximal at 518 nm. Au NPs were 




2. Supporting Information for Chapter 3 
2.1 Extinction spectra of Au NCs solution after the addition of glutathione. 
As shown in Figure S1, upon addition of glutathione, the fundamental SPR of 
Au NCs decreased, accompanied with appearance of a new peak at longer 
wavelength corresponding to the longitudinal SPR mode of coupled Au NCs. 
The new peak gradually shifted to red with the increasing concentration of 
glutathione. 





























Figure S2.1 Extinction spectra of Au NCs solution (pH=2.3, T=35oC) after the 
addition of glutathione. 
 
2.2 Glutathione Induced Two-photon Photoluminescence Enhancement 
































Wavelength (nm)  
Figure S2.2 Two-photon photoluminescence of Au NCs solution upon addition 
of glutathione. The excitation power is 100 mW. 
 
2.3 Two-photon Photoluminescence of Au NC solution (pH=2.3) from L band 
transition after addition of cysteine. 
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As shown in Figure S3, the intensity of L band only exhibits slight increase 
with the increasing concentration of cysteine. The minor enhancement is mainly 
due to the contamination from the enhanced X band emission. 




































Figure S2.3 Two-photon photoluminescence of Au NC solution (pH=2.3) from 
L band transition after addition of cysteine. The measurements were conducted 
at T=35oC. EX=820 nm; the excitation power is 100 mW. 
 
2.4 UV-Vis spectra and two-photon photoluminescence spectra of Au NCs in 
the presence of various amino acids. 
Figure S2.4 shows UV-Vis spectra of Au NCs in the presence of various 
amino acids, [amino acid] =150 M. Figure S2.5 shows the TPPL spectra of 
Au NCs after addition of 3M of 20 common amino acids respectively. Only 
cysteine and glutathione could result in nearly 2-fold TPL enhancement while 
the other 19 amino acids didn’t show obvious enhancement compared to the 
blank sample. The corresponding extinction spectra were shown in Figure 2.5B. 
Only subtle change in their SPR band was observed. The results indicate that 
the TPPL method has higher selectively in discriminating cysteine and 
glutathione from other amino acids in the trace level. 
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Figure S2.4. UV-Vis spectra of Au NCs in the presence of various amino acids, 
[amino acid] =150 M. 
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Figure S2.5 (A) TPPL and (B) UV-vis spectra of Au NCs in the presence of 




3. Supporting Information for Chapter 4 
BA
 
Figure S3.1 TEM images of isolated and coupled Au nanospheres. 




















































Figure S3.2 Power dependence of the TPPL of the coupled Au NSs in solution. 













































Figure S3.3 Correlation of cysteine concentration, extinction at excitation 




Figure S3.4 Absolute scattering spectra of Au NS monomer, dimer and trimer. 
 
 
Figure S3.5 Experimental setup for single particle TPPL measurements: (1) fs 
laser, (2) 1:5 beam expander, (3) mirrors, (4) 785/10nm laser clean up filter, (5) 
wave-plates, (6) 50/50 beam splitter, (7) 3-D piezoelectric stage, (8) 785nm 

























Figure S3.6 Excitation power dependence of TPPL of (A) dimer and (B) trimer 
 






























































































































































Figure S3.7 (A, B) Normalized single particle scattering spectra of Au NS 
dimer (A) and trimer (B) detected at polarization angle parallel (0o) and 
perpendicular (90o) to their long axis, respectively; (C, D) Normalized single 
particle TPPL spectra of dimer (C) and trimer (D) under longitudinal (0o) and 
transverse (90o) laser excitation.  
 
 
Figure S3.8 TPPL images of Au NS monomer (A), dimer (B), and trimer (C) 








































































4. Supporting Information for Chapter 5 

























Figure S4.1 UV-vis extinction of oleylamine capped Au NPs in toluene 
 






















Figure S4.2 Differential scanning calorimetry analysis of the oleylamine 
capped Au NPS. 
 




























 0.12 mW 
 0.24 mW 









































 1.05mW  4.2mW
 2.1mW
 3.15mW















Figure S4.3 Excitation power dependence of the two-photon white light 
continuum of the (A) visible and (B) NIR components in 330oC annealed ink 
film 
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Figure S4.4 Normalized emission spectra of the 330oC annealed film by the 
excitation of (A) 785nm fs pulses and (B) 785nm CW laser. 
 



























Figure S4.5 (A) 2D and (B) 3D AFM images of the 532nm CW laser sintered 
ink film; (C) the corresponding topology of the groove in A. 
 






















Figure S4.6 (A) AFM images of the 820nm fs pulses sintered ink film; (B) the 
corresponding topology of the groove in A. 
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Lateral radius (m)  
Figure 4.7 Profiles of the normalized focal intensity distribution of function I(r) 
and I2(r). The solid-line curve represents a Gaussian lateral intensity 
distribution at the focal plane with a characteristic focal spot size of 800nm 
 






















Figure S4.8 (A) AFM images of the 820nm CW laser sintered ink film; (B) the 
corresponding topology of the groove in A. 
0 MW ·cm-2 1.25 MW ·cm-2
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Figure S4.9 AFM images of the 820nm fs pulse sintered film with different 
laser power density 
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Figure S4.10 Dark field scattering spectra of the 820nm fs pulse sintered film 
with different laser power density 
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